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ABBREVIATIONS  USED  IN  TEXT 


bu,  bushel 
cm,  centimeter 
d,  day 
ft,  foot 

ft2,  square  foot 
ft3,  cubic  foot 
h,  hour 

hp,  horsepower 

lb,  pound 

lin  ft,  linear  foot 

m,  meter 

mi,  mile 

mi2,  square  mile 


mi3,  cubic  mile 

min,  minute 

mm,  millimeter 

pet,  percent 

p/m,  part  per  million 

s,  second 

V,  volt 

wk,  week 

yd,  yard 

yd2,  square  yard 

yd3,  cubic  yard 

yr,  year 


Trade  names  are  used  in  this  publication  solely  for  the  purpose,  of  providing  spe- 
cific information.  Mention  of  a  trade  name  does  not  constitute  a  guarantee  or  war- 
ranty of  the  product  by  the  U.S.  Department  of  Agriculture  or  an  endorsement  by  the 
Department  over  other  products  not  mentioned. 

The  illustrations  are  reproduced  essentially  as  they  were  supplied  by  the  authors. 


FOREWORD 


This  publication  contains  papers  presented  at  the  Sediment- Yield  Work- 
shop sponsored  by  the  USDA  Sedimentation  Laboratory,  Oxford,  Miss.,  on 
November  28-30,  1972.  The  meeting  was  originally  planned  as  a  workshop 
between  Agricultural  Research  Service  and  Soil  Conservation  Service  per- 
sonnel. However,  because  of  an  intense  show  of  interest  the  meeting  was 
broadened  to  include  representatives  of  other  Federal  agencies,  State  groups, 
universities,  and  consulting  firms.  About  150  participants — soil  scientists, 
engineers,  geologists,  and  sediment  chemists — attended. 

It  was  hoped  that  a  free  exchange  of  information  on  sediment  yields  and 
sources  would  avoid  duplicated  research  and  result  in  better  coordination  of 
programs  and  efforts  in  the  field  of  sedimentation.  The  background,  history, 
and  importance  of  the  subject  were  discussed.  From  this  conference  a  new 
level  of  refinement  was  demanded  in  estimating  sediment  yields,  especially 
in  relation  to  sources  and  physical  and  chemical  properties  of  sediments,  and 
in  selecting  cost-effective  measures  for  sediment  control. 

This  proceedings,  which  includes  31  papers,  presents  material  on  the  pro- 
cedures presently  in  use  to  estimate  sediment  yield.  Research  in  the  area  of 
yield  and  source  predictions  are  summarized  in  a  number  of  papers.  The 
development  of  modeling  techniques  and  concepts  for  sediment-yield  predic- 
tions are  explored.  A  number  of  different,  but  related,  ideas  on  modeling 
concepts  are  presented  in  a  state-of-the-art  review. 

From  a  review  of  the  papers,  it  is  obvious  that  there  is  a  considerable 
amount  of  knowledge  -available  in  the  field  of  sediment  yield  and  sources. 
However,  a  new  level  of  sophistication  is  needed,  particularly  because  of  the 
water:quality  implications  of  transported  and  deposited  sediments.  The  pa- 
pers indicate  many  new  avenues  for  needed  additional  research. 


A.  R.  Robinson,  Director  ■ 
USDA  Sedimentation  Laboratory 

Oxford,  Miss. 
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EVOLVING  EMPHASES  IN 
SEDIMENT-YIELD  PREDICTIONS 

By  Louis  M.  Glymph1 


For  purposes  of  this  discussion,  I  would  like  to 
define  sediment  yield  as  the  effluent  from  a  soil- 
processing  system.  The  system  is  a  diffuse  na- 
tural process,  which  we  know  as  soil  erosion.  The 
system  is  distributed  in  time  and  space  and  can 
be  accelerated  or  decelerated  by  a  multitude  of 
factors,  including  the  activities  of  man.  The  sys- 
tem ranges  from  small  to  large,  depending  upon 
natural  or  man-induced  constraints.  The  effluent 
from  this  soil-processing  system  is  a  heterogen- 
eous mixture  of  mineral  and  organic  matter  in 
particle  sizes  ranging  from  small  to  large,  with 
a  variety  of  natural  or  acquired  chemical  prop- 
erties. The  effluent  is  transported  and  delivered 
from  the  system  by  flowing  water. 

In  the  United  States  we  have  been  concerned 
about  sediment  yield  to  stream  channels  and 
reservoirs  for  about  100  years.  In  1872  the  city  of 
Baltimore,  Md.,  was  dredging  sediment  from  its 
water-supply  reservoir,  Lake  Roland.  Only  re- 
cently, however,  have  we  begun  to  appreciate  the 
water  quality  implications  of  sediment  and  to 
see  sediment  as  a  pollutant  in  the  same  context 
as  industrial  wastes,  effluents  from  sewage 
treatment  plants,  and  other  point  sources  of  pol- 
lution entering  our  streams  and  water  bodies. 
Seeing  sediment  in  this  new  light  requires  a  new 
level  of  sophistication  in  our  technology  for  esti- 
mating sediment  yields  and  for  selecting  cost- 
effective  measures  for  sediment  control  or  man- 
agement in  the  interest  of  attaining  water  qual- 
ity goals.  Indeed,  from  the  development  thus  far 
in  the  1970's,  there  is  an  urgency  in  our  need  to 
know  more  about  sediment  yields  and  properties 
in  relation  to  sources  and  how  to  control  or  regu- 
late the  supply. 

Following  in  the  wake  of  the  Water  Quality 
Act  of  1965,  States  are  passing  laws  that  make 
it  a  criminal  act  to  allow  sediment  to  enter 


1  Staff  scientist,  Erosion  and  Sedimentation  Research, 
National  Program  Staff,  Agricultural  Research  Service, 
U.S.  Department  of  Agriculture  (retired). 


streams.  Under  the  Iowa  law,2  State  conserva- 
tion districts  can  require  landowners  to  use  soil 
and  water  conservation  practices  for  sediment 
control  if  cost  sharing  for  new  practices  is  avail- 
able from  Federal  or  other  public  agencies. 

On  September  21, 1972,  Pennsylvania  adopted 
regulations  designed  to  prevent  any  increase  in 
the  naturally  occuring  sediment  in  streams.3 
The  regulations  set  forth  the  conditions  under 
which  persons  engaged  in  earthmoving  activi- 
ties are  required  to  design,  implement,  and  main- 
tain erosion  and  sediment  control  measures  un- 
der a  permit  system  for  surveillance  and  enforce- 
ment. The  regulations  require  the  development 
of  an  erosion  and  sediment  control  plan  which 
shall  (p.  3)  "consider  all  factors  which  contrib- 
ute to  erosion  and  sedimentation  including,  but 
not  limited  to,  the  following:  (1)  the  topographic 
features  of  the  project  area;  (2)  the  types,  depth, 
slope,  and  areal  extent  of  the  soils;  (3)  the  pro- 
posed alteration  to  the  area;  (4)  the  amount  of 
runoff  from  the  project  area  and  the  upstream 
watershed  area;  (5)  the  staging  of  earthmoving 
activities;  (6)  temporary  control  measures  and 
facilities  for  use  during  earthmoving;  (7)  per- 
manent control  measures  and  facilities  for  long- 
term  protection;  and  (8)  a  maintenance  program 
for  the  control  facilities  including  disposal  of 
materials  removed  from  the  control  facilities  or 
project  area." 

The  Third  Annual  Report  of  the  Council  on 
Environmental  Quality4  warns  of  the  need  to 
place  much  greater  emphasis  on  control  of  non- 

2  Iowa  General  Assembly.  1971.  An  act  relating  to  con- 
servation of  soil  and  water  resources  of  the  State,  and  to 
control  of  water  pollution.  House  File  73,  64th  Iowa  Gen- 
eral Assembly,  50  pp. 

3  Commonwealth  of  Pennsylvania,  Environmental 
Quality  Board.  1972.  Implementation  and  regulations 
dealing  with  erosion  and  sedimentation  control,  7  pp. 

1  Council  on  Environmental  Quality.  1972.  Environ- 
mental quality,  the  third  annual  report  of  the  Council  on 
Environmental  Quality.  Government  Printing  Office, 
Washington,  D.C.,  450  pp. 
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point  sources  of  pollution  if  our  enforcement  pro- 
grams and  financial  investments  for  water  qual- 
ity are  to  have  the  maximum  effect.  The  report 
states  (p.  16)  "that  even  if  all  discharges  of 
municipal  and  industrial  pollution  were  stopped, 
many  streams  would  still  be  polluted  as  a  result 
of  discharges  from  runoff  sources." 

The  Federal  Water  Pollution  Control  Act 
Amendments  of  1972  (Public  Law  92-500)  de- 
votes much  atention  to  the  control  of  pollution 
sources  through  development  and  implementa- 
tion of  areawide  waste-treatment  plans,  includ- 
ing control  of  runoff  from  fields  and  crop  and 
forest  lands,  mining  activities,  and  construction 
activities. 

Undoubtedly,  our  understanding  of  erosion 
and  sedimentation  processes  has  expanded  con- 
siderably since  the  dredging  of  Lake  Roland  in 
1872.  We  have  learned  that  it  is  generally  more 

SEDIMENT  AS 

Sediment  is  the  product  of  a  selective  process 
in  which  the  finer  and  lighter  particles  are  pref- 
erentially removed  and  carried  away  by  runoff 
and  streamflow.  Sediments,  therefore,  are  gen- 
erally higher  in  clay,  silt,  and  organic  matter 
than  the  soils  from  which  they  are  derived.  These 
particles  and  organic  compounds  have  great  ca- 
pacity for  absorption  of  pathogens,  viruses,  plant 
nutrients,  pesticides,  and  other  chemicals.  Thus, 
the  commitment  for  identification  and  control  of 
pollutants  from  runoff  sources  requires  im- 
proved understanding  of  the  physical  and  chemi- 
cal properties  of  sediment  in  respect  to  specific 
erosion  sites.  We  can  no  longer  be  satisfied  with 
knowing  the  volume  of  sediment  involved;  for 
many  cases  we  now  must  also  know  about  the 
properties  of  the  constituent  sediments  in  rela- 
tion to  their  source. 

For  instance,  persistent  chlorinated  hydrocar- 
bons such  as  dieldrin,  which  is  used  extensively 
for  control  of  corn  root  webworm  (Crambus 
coliginosellus  Clemens) ,  have  low  solubility  in 
water  but  are  strongly  absorbed  by  soil  particles. 
Consequently,  such  pesticides  do  not  move  down- 
ward through  the  soil  with  infiltrating  waters, 
but  they  can  move  into  streams  and  other  water 
bodies  in  significant  amounts  attached  to  sedi- 
ments if  erosion  occurs. 

Phosphorus  applied  as  a  fertilizer  is  also 
strongly  adsorbed  onto  soil  particles  and  moves 
to  streams  and  other  water  bodies  primarily  at- 


reasonable  to  keep  sediment  out  of  streams  than 
to  remove  it  once  it  gets  there.  Nowadays  we  are 
inclined  toward  erosion  control  and  other  pre- 
ventive measures  as  an  alternative  to  dredging 
of  sediment  when  it  bulks  in  quantities  of  dam- 
aging proportions  some  place  downstream. 

We  are  now  being  called  on  to  adopt  the  phil- 
osophy of  "control  at  the  source"  as  our  approach 
to  control  of  water  pollution  by  sediment.  This 
attitude  about  sediment  is  thoroughly  consistent 
with  that  applied  to  effluents  from  industrial 
and  manufacturing  processes,  municipal  sewage 
treatment  plants,  etc.  The  Federal  Water  Pollu- 
tion Control  Act  Amendments  of  1972  includes 
sediment  along  with  other  pollutants  when  it 
states  that  "it  is  the  national  goal  that  the  dis- 
charge of  pollutants  into  the  navigable  waters 
be  eliminated  by  1985." 

A  POLLUTANT 

tached  to  sediment  from  soil  erosion.  Studies  are 
showing  that  even  nitrogenous  fertilizers,  which 
are  highly  soluble  in  water,  also  leave  land  sur- 
faces adsorbed  on  sediment  in  much  greater  pro- 
portions than  suspected. 

Significant  nitrogen-sediment  relationships 
are  illustrated  by  an  Agricultural  Research  Serv- 
ice study  of  nitrogen  discharge  in  surface  runoff 
from  agricultural  watersheds  in  southwestern 
Iowa.5  Included  in  this  study  are  two  watersheds 
in  corn  planted  on  the  contour,  one  fertilized 
each  year  with  nitrogen  at  the  recommended 
rate  of  150  lb  N/acre  and  the  other  at  400  lb 
N/acre.  For  the  3-yr  period  1969-71,  inclusive, 
the  watershed  with  the  high  fertility  treatment 
discharged  2.7  lb  N/acre  dispersed  in  the  surface 
runoff  and  32.6  lb  N/acre  adsorbed  on  the  sedi- 
ments. For  the  same  period  the  watershed  with 
the  recommended  level  of  fertilization  dis- 
charged 1.7  lb  N/acre  dispersed  in  the  surface 
runoff  and  20.6  lb  N/acre  adsorbed  on  the  sedi- 
ment. Thus,  92  pet  of  the  nitrogen  discharged 
from  these  watersheds  was  carried  by  the  sedi- 
ment. In  the  same  experiment,  sediment  N  losses 
were  86  pet  of  the  total  N  losses  from  a  level- 
terraced  watershed  in  corn  and  51  pet  of  the  total 
from  a  bromegrass  pasture  watershed. 

5  Schuman,  G.  E.,  Burwell,  R.  E.,  Piest,  R.  F.,  and 
Spomer,  R.  G.  1973.  Nitrogen  losses  in  surface  runoff 
from  agricultural  watersheds  on  Missouri  Valley  loess. 
Journal  of  Environmental  Quality  2(2)  :  299-302. 


We  are  also  finding  that  sediment  sometimes 
serves  as  an  effective  scavenger  in  removing 
chemicals  from  the  surrounding  waters.  A  poten- 
tial beneficial  role  for  sediment  in  removing 
phosphorus  discharged  into  streams  with  sewage 
effluent  is  indicated  by  findings  at  the  USDA 
Sedimentation  Laboratory,  Oxford,  Miss.  A  sedi- 
ment concentration  of  10,000  p/m  of  Memphis 
soil,  for  instance,  has  the  adsorption  capacity  to 
reduce  the  phosphorus  concentration  in  sewage 

PREDICTING  SEDIMENT 

If  one  wants  to  eliminate  or  reduce  the  supply 
of  a  pollutant,  he  first  needs  to  know  where  the 
pollutant  originates.  And  after  doing  something 
to  diminish  the  supply,  he  wants  to  know  how 
effective  his  actions  have  been  and  whether  he 
needs  to  do  some  more  of  the  same  or  evolve  some 
new  routines  for  use  in  management  or  control 
of  the  processing  system. 

We  have  a  substantial  body  of  information  for 
all  parts  of  the  country  about  the  amount  of  sedi- 
ment expected  to  arrive  at  downstream  points 
over  the  long  term.  We  are  not  nearly  as  well 
prepared,  however,  to  speculate  quantitatively 
as  to  where  the  sediment  comes  from  or  to  spe- 
cify what  erosion  sites  supply  what  sediment 
reaching  downstream  points.  It  follows,  then, 
that  we  are  not  nearly  as  well  prepared  as  needed 
for  making  definitive  statements  about  the  im- 
pacts of  our  program  measures  upon  sediment 
yield.  We  are  better  able  to  design  and  install 
measures  for  reducing  erosion  rates  or  trapping 
sediments  than  we  are  for  specifying  the  down- 
stream destinations  of  the  residual  sediments  or 
new  sediments  entrained  because  of  program 
measures  installed  upstream. 

In  the  main,  we  predict  sediment  yield  by  us- 
ing one  or  more  of  four  methods  or  approaches: 

1.  The  sediment-rating  curve-flow  duration 
method  requires  concurrent  field  measurement 
of  streamflow  and  sediment  to  establish  an 
average  relationship  between  parameters  of 
streamflow  and  sediment  quantity.  The  method 
is  often  used  for  establishing  the  amount  of  sedi- 
ment expected  to  reach  large  reservoirs  or  other 
points  on  principal  tributaries  and  main  rivers. 
The  method,  however,  is  generally  not  applicable 
in  estimating  sediment  yields  at  problem  sites  in 
upstream  watersheds  because  of  the  difficulty 
and  expense  of  obtaining  the  required  data  for 


effluent  from  the  average  of  6.6  p/m  to  4.3  p/m. 
Most  soils  in  the  Southeastern  States  and  in 
many  other  parts  of  the  country  have  a  high  ca- 
pacity for  fixing  phosphorus.  Thus,  there  are  cir- 
cumstances where  phosphorus-deficient  sedi- 
ments from  farmlands  are  capable  of  effectively 
reducing  the  amount  of  phosphorus  dissolved  in 
industrial  and  municipal  waste  waters  that  flow 
through  agricultural  watersheds. 

SOURCES  AND  YIELDS 

the  large  number  of  sites  potentially  of  concern. 
Problems  are  also  encountered  in  using  the  sedi- 
ment-rating curve-flow  duration  method  for  esti- 
mating the  effects  of  program  measures  upon 
sediment  yield  because  of  imponderables  and  un- 
certainties in  arriving  at  a  sediment-rating  curve 
for  conditions  with  the  program  in  effect. 

2.  The  reservoir  sediment-deposition  survey 
method  involves  measurements  by  field  survey  of 
the  volume  of  sediment  accumulated  in  a  pond 
or  reservoir.  The  measured  volumes  are  convert- 
ed into  weights,  adjusted  for  reservoir  trap  effi- 
ciency, and  expressed  as  rates  of  accumulation 
according  to  the  age  of  the  reservoir  or  the  time 
interval  between  surveys.  Deposition  surveys  on 
a  number  of  reservoirs  in  a  land  resource  area, 
watershed,  or  river  basin  are  often  compiled  and 
summarized  to  show  relationships  between  sedi- 
ment yields  and  size  of  drainage  area.  This  ap- 
proach gives  useful  general  information  of  the 
magnitude  and  variation  of  sediment  yield  in  the 
region  of  interest,  but  has  limited  value  for  fore- 
casting sediment  yield  from  an  individual  water- 
shed where  no  measurements  have  been  obtained. 
The  method  also  has  limitations  in  estimating 
the  effects  of  program  measures  on  sediment 
yield. 

3.  The  sediment-delivery  ratio  method  requires 
a  factor  expressing  the  percentage  relationship 
between  sediment  yield  from  a  watershed  and 
gross  erosion  in  the  watershed  in  the  same  time 
period.  Sediment-delivery  ratios  are  developed 
from  the  sediment  yields  obtained  by  reservoir 
surveys  or  measurements  at  suspended-load  sta- 
tions in  comparison  with  erosion  in  the  water- 
shed. The  erosion  quantities  for  sloping  uplands 
are  computed  by  erosion  prediction  equations 
and  are  estimated  by  various  procedures  for  gul- 
lies, stream  channels,  and  other  sources.  In  op- 
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erational  programs,  derived  quantities  of  water- 
shed. The  erosion  quantities  for  sloping  uplands 
sediment-delivery  ratio  to  give  estimates  of  sedi- 
ment yield.  Since  the  method  deals  with  calcu- 
lated and  estimated  quantities  of  erosion  on  the 
watershed  with  and  without  treatments,  it  has  a 
rationale  for  estimating  program  effects  upon 
sediment  yield,  under  the  assumption  that  the 
same  sediment-delivery  ratio  applies  for  both  the 
"before"  and  "after"  conditions.  Sediment-de- 
livery ratios  have  been  developed  for  much  of  the 
eastern  half  of  the  United  States,  but  scanty 
rainfall  data  and  other  complicating  factors  have 
precluded  use  of  the  method  in  the  West. 

4.  The  bedload  function  methods  make  use  of 
mathematical  equations  developed  for  calculat- 
ing the  rate  and  quantity  of  movement  of  mate- 
rials constituting  the  bed  of  alluvial  channels. 
Application  of  these  equations  requires  informa- 
tion on  sediment  particle  sizes,  channel  gradi- 
ents and  cross  sections,  and  a  flow-duration 
curve.  The  equations  often  give  widely  different 
results  for  the  same  conditions. 

In  each  of  the  methods,  the  watershed  is  treat- 
ed as  a  lumped  system.  They  deal  with  the  water- 
shed as  a  whole,  rather  than  with  its  constituent 
features,  in  deriving  the  quantity  of  sediment 
expected  at  a  point  on  the  watershed.  Though  in 
the  sediment-delivery  ratio  method  erosion  rates 
are  calculated  separately  for  significant  sites, 
they  are  then  aggregated  and  the  total  compared 
with  a  measured  sediment  amount  for  the  water- 
shed as  a  whole.  In  effect,  therefore,  this  method 
also  treats  the  watershed  as  a  lumped  system. 

Greater  specificity  regarding  the  sources  and 


properties  of  sediments  and  the  effectiveness  of 
measures  for  stabilizing  sediment  sources  re- 
quires that  our  technology  treat  the  watershed  as 
a  distributed  system.  For  dealing  successfully 
with  water  pollution  associated  with  runoff  from 
nonpoint  sources,  we  need  technology  for  sedi- 
ment-yield predictions  that  begins  with  the  ero- 
sion process  and  objectively  and  specifically  ac- 
counts for  disposition  of  the  eroded  material  as 
it  moves  downstream  from  the  point  of  origin. 

Since  water  is  the  initiating  force  in  the  soil- 
processing  system  and  also  the  transporting 
agent  for  the  effluent,  it  seems  logical  that  sedi- 
ment-yield prediction  also  needs  to  be  integrated 
with  hydrologic  and  sediment-transport  phenom- 
ena. Hydrologists  are  developing  mathematical 
models  for  predicting  hydrographs  of  runoff  and 
streamflow  as  cumulations  routed  from  the 
significant  soil-cover-treatment  complexes  in 
the  contributing  watershed.  We  need  to  know 
how  to  route  sediment  along  with  the  water  from 
these  same  soil-cover-treatment  complexes  and 
to  be  able  to  cumulate  hydrographs  of  sediment 
discharge  at  downstream  points  in  which  the 
amounts,  particle  sizes,  and  physical  and  chemi- 
cal properties  of  the  sediment  are  specified  in  re- 
lation to  the  erosion  sites  from  which  the  sedi- 
ment is  derived.  We  have  already  learned  that 
sediment  comes  from  many  different  erosion 
sites  including  farm,  forest,  range,  and  urban 
land  surfaces,  gullies,  streambeds  and  stream- 
banks,  roads  and  highways,  construction  sites, 
mining  operations,  etc.  Developing  a  prediction 
procedure  to  account  for  the  sediment  from  its 
multiplicity  of  sources  will  not  be  an  easy  task. 


THE  CHALLENGE 


I  have  emphasized  the  water  quality  implica- 
tions of  sediment-yield  predictions.  Of  course,  we 
will  continue  to  need  information  on  sediment 
yield  and  sources  for  other  purposes.  Sediment 
continues  to  affect  the  useful  life  of  reservoirs, 
water  treatment  for  municipal  and  industrial 
uses,  cleanup  following  floods,  fish  and  wildlife 
habitats,  water-based  recreational  opportunities, 
urban  developments,  watershed  protection,  and 
still  other  considerations  calling  for  forecasts  of 
sediment  yields  and  the  prescription  of  methods 


and  programs  for  ameliorating  or  reducing  the 
sediment  problems.  But  in  addition  to  our  tradi- 
tional concerns  about  sediment  yields  and 
sources,  I  think  we  should  anticipate  the  immi- 
nence of  our  being  caught  up  in  the  requirement 
that  sediment,  the  effluent  from  the  processing 
system  known  as  soil  erosion,  will  have  to  meet 
prescribed  standards  of  volume  and  constituent 
properties.  This  is  bound  to  make  our  job  more 
difficult  and  more  interesting. 
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PROCEDURES  USED  IN 
THE  SOIL  CONSERVATION  SERVICE 
TO  ESTIMATE  SEDIMENT  YIELD 

By  John  N.  Holeman1 


The  Soil  Conservation  Service  (SCS)  esti- 
mates sediment  yield  for  a  wide  variety  of  pur- 
poses. SCS  programs  (conservation  operations, 
river  basin  studies,  watershed  planning  and 
flood  prevention,  Great  Plains  conservation,  and 
resource  conservation  and  development) ,  which 
involve  the  use  and  protection  of  land  and  water 
resources,  require  information  on  amounts  of 
sediment  to  expect  from  specific  areas. 

A  fundamental  part  of  these  programs  is  land 
treatment.  Conservation  measures  and  practices 
include  terracing  of  sloping  cropland,  critical 
area  planting,  contour  farming,  stripcropping, 
land  leveling,  and  minimal  tillage.  Proper  land 
treatment  helps  keep  soil  in  place  and  is  the  most 
economical  method  of  reducing  sediment  yield. 

Structural  improvements  such  as  earth  dams 
that  trap  sediment  and  reduce  sediment  yields 
downstream,  are  also  important  to  SCS  pro- 
grams. A  pressing  SCS  concern  is  predicting  the 
amount  of  sediment  that  will  reach  and  be  de- 
posited in  reservoirs.  Storage  space  for  sedi- 
ment must  be  allocated  in  the  capacity  planned 
for  reservoirs  so  that  the  space  for  beneficial  use 
will  not  be  encroached  on  during  the  design  life 
of  the  structure  (fig.  1). 

Accuracy  in  predicting  the  space  needed  for 
sediment  storage  is  important  since  overestimat- 
ing the  sediment  yield  adds  unnecessarily  to  the 
cost  of  the  structure,  and,  on  the  other  hand,  un- 
derestimating the  sediment  yield  shortens  the 
useful  life  of  the  structure  and  the  services  asso- 
ciated with  it. 

In  SCS  geologists  are  responsible  for  predict- 
ing sediment  yields  from  areas  ranging  from 
small  watersheds  to  large  river  basins.  They  base 
their  predictions  on  the  basic  data  available,  in- 

1  Geologist,  Engineering  Division,  Soil  Conservation 
Service,  U.S.  Department  of  Agriculture,  Washington, 
D.C. 20250. 


terpreted  according  to  the  principles  of  sedimen- 
tation. The  accuracy  of  the  predictions  varies 
with  the  basic  data  available;  knowledge  of  the 
processes  of  erosion,  entrainment,  transporta- 
tion, and  deposition  of  sediment;  and  the  pre- 
dictability of  changes  in  the  watershed  that  will 
alter  sediment  yield. 

The  four  basic  procedures  used  in  SCS  to  esti- 
mate average  annual  sediment  yield  depending 
on  the  environment  and  data  available  are  (1) 
gross-erosion  and  sediment-delivery  ratio  de- 
terminations, (2)  predictive  equations,  (3)  sus- 
pended-sediment load  measurements,  and  (4) 
sediment  accumulation  measurements.  It  is  de- 
sirable to  use  more  than  one  method  for  verifica- 
tion, if  possible. 

1.  The  gross-erosion  and  sediment-delivery  ra- 
tio procedure  has  been  used  extensively  and  suc- 
cessfully for  many  years  by  SCS,  especially  in 
humid  areas  of  the  United  States.  It  is  well  suited 
for  estimating  current  sediment  yields  and  pre- 
dicting the  effect  of  land  treatment  and  other 
measures  on  future  sediment  yields.  The  gross, 
or  total,  amount  of  erosion  in  a  drainage  area  is 
the  summation  of  all  the  erosion  occurring.  It 
includes  sheet  and  rill  erosion  and  channel  ero- 
sion (gullies,  channel  degradation,  streambank 
erosion,  etc.).  The  methods  of  determining  the 


Figure  1. — Example  of  an  SCS-designed  multipurpose 
reservoir. 
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amount  of  each  type  of  erosion  are  presented  in 
more  detail  by  Renfro  and  Hunt  in  this  proceed- 
ings. Sediment-delivery  ratios  vary  with  a  num- 
ber of  factors,  such  as  sediment  source,  including 
magnitude  and  proximity  to  streamflow;  the 
transport  system;  the  size  of  the  eroded  material; 
and  watershed  parameters  ranging  from  the 
drainage  area  and  the  shape  of  the  land  surface 
and  the  basin  to  the  relief-length  ratio.  Renfro 
discusses  this  in  more  detail.  The  sum  of  all  ero- 
sion multiplied  by  the  appropriate  sediment-de- 
livery ratio  gives  sediment  yield,  using  this  pro- 
cedure. The  form  shown  in  figure  2  is  convenient 
for  summarizing  sediment  yields,  predicting 
sediment  deposition,  and  estimating  sediment 
storage  requirements  for  reservoirs. 

2.  Predictive  equations  based  on  watershed 
parameters  have  been  developed  in  some  areas  to 
arrive  at  sediment  yields  directly.  These  equa- 
tions express  sediment  yield  as  a  function  of  sev- 
eral measurable,  independent  variables.  Some  of 
the  variables  are  drainage  area,  annual  runoff, 
rainfall,  temperature,  pH  of  soils,  relief-length 
ratio  or  average  slope,  particle  size  of  the  surface 
soil,  and  others.  Tested  predictive  equations  are 
not  numerous,  but  when  they  are  available,  they 
are  used  in  SCS  with  the  restriction  that  their 
application  is  confined  to  the  specific  areas  for 
which  they  were  developed.  Flaxman2  discusses 
some  of  the  factors  that  he  has  found  to  be  im- 
portant in  the  West  and  some  relationships  he 
has  developed  for  predicting  sediment  yield. 

3.  Suspended-sediment  load  records  are  avail- 
able on  a  few  streams  of  such  size  as  to  be  of  con- 
cern to  SCS.  In  the  absence  of  records,  SCS  may 
initiate  a  sampling  program.  Water  discharge 
can  be  measured  by  gaging  at  particular  stream 
cross  sections.  Sediment  yields  can  be  estimated 
from  a  period  of  these  measurements.  The  aver- 
age sediment  concentration  is  multiplied  by  the 
volume  of  water  discharged  for  the  day  of  record 
and  by  a  conversion  factor  (usually  0.0027)  to 
obtain  tons  per  day.  Tons  of  sediment  per  day 
plotted  against  water  discharge  is  a  sediment- 
rating  curve.  When  these  data  are  plotted  on 
log-log  paper,  a  straight  line  is  often  approxi- 
mated through  a  major  part  of  the  range  of  dis- 
charge (fig.  3) .  By  using  a  long-term  flow-dura- 


2  Flaxman,  E.  M.  1972.  Predicting:  sediment  yield  in 
Western  United  States.  Journal  of  the  Hydraulics  Divi- 
sion, Proceeding's  of  the  American  Society  of  Civil  Engi- 
neers 98(HY12)  :  2073-2085. 


tion  curve  or  equivalent  tabulation3  with  the  sedi- 
ment-rating curve,  it  is  possible  to  estimate  the 
prevailing  annual  suspended-sediment  yield. 
This  may  be  adjusted  to  reflect  expected  future 
conditions. 

The  bedload  is  not  measured  by  this  method 
and  must  be  estimated  and  added  to  the  sus- 
pended-sediment yield.  The  bedload  ranges  from 
none  to  as  much  as  50  pet  or  more  of  the  total 
sediment  load,  depending  on  the  size  of  sediment 
available  for  transport  by  the  stream  and  other 
factors. 

Usually,  the  time  required  to  collect  enough 
suspended-load  data  for  a  sediment-rating  curve 
makes  the  installation  of  a  sampling  station  im- 
practical for  the  small  watersheds  involved  in 
SCS  programs.  In  some  instances,  representa- 
tive measurements  of  all  ranges  of  discharge 
may  be  obtained  in  1  or  2  years,  while  in  others, 
measurements  may  be  needed  for  10  years  before 
a  suitable  range  of  discharges  occurs  to  produce 
a  realistic  sediment-rating  curve. 

The  infrequent  use  of  this  method  is  due  to  the 
short  time  usually  available  to  make  measure- 
ments between  the  planning  stage  of  a  project 
and  the  final  design  stage  (existing  long-term 
records  for  small  watersheds  are  rare) ,  and  the 
fact  that  the  relationship  between  discharge  and 
sediment  concentration  may  vary  at  a  measuring 
station,  depending  on  the  grain-size  distribution 
of  sediment  transported.  If  the  moving  sediment 
is  mostly  bedload  and  is  from  channel  erosion, 
there  is  a  stronger  correlation  between  sediment 
concentration  and  discharge  than  if  the  load  con- 
sists mostly  of  suspended  sediment.  The  amount 
of  fine  sediment  in  streamflow  usually  depends 
more  on  the  intensity  and  location  of  rainfall  on 
the  watershed,  on  cover  conditions,  and  on  other 
factors  than  on  water  discharge.  Generally,  the 
flow  transports  all  the  silt-  and  clay-size  sedi- 
ment available  from  upland  erosion,  whereas  the 
flow  properties  determine  the  amount  and  maxi- 
mum size  of  available  coarser  materials  that  can 
be  transported. 


3  Anderson,  H.  W.  1954.  Suspended  sediment  discharge 
as  related  to  streamflow,  topography,  soil  and  land  use. 
Transactions  of  the  American  Geophyiscal  Union,  35: 
268-281. 

Miller,  C.  R.  1951.  Analysis  of  the  flow-duration,  sedi- 
ment-rating curve  method  of  computing  sediment  yield. 
U.S.  Department  of  the  Interior,  Bureau  of  Reclama- 
tion, Denver,  Colo.,  15  pp. 
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Figure  2. — Reservoir  sedimentation  design  summary. 
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Figure  3. — A  sediment-rating  curve,  showing  direct 
runoff  versus  sediment  discharge,  by  day,  Pigeon 
Roost  Creek  Watershed  5,  January  1957-December 
1960.  (From  Piest,  R.  F.  1965.  The  role  of  the  large 
storm  as  a  sediment  contributor.  In  Proceedings  of 
the  Federal  Inter-Agency  Sedimentation  Conference 
1963,  pp.  98-108.  U.S.  Department  of  Agriculture 
Miscellaneous  Publication  No.  970.) 


A  principal  shortcoming  is  that  suspended- 
load  measurements  provide  little  information  on 
the  relative  importance  of  various  sources  of 
sediment  in  the  watershed.  This  information  is 
important  in  planning  land  treatment  and  struc- 
tural measures  in  the  SCS  program  to  reduce 
sediment  yield,  as  well  as  in  evaluating  the  ef- 
fects of  conservation  measures  on  sediment 
yields.  Flaxman  suggests  that  correlations  can 
be  made  between  varying  sediment  concentra- 
tions and  varying  watershed  conditions.  Al- 
though he  concludes  that  more  studies  are  need- 
ed, this  procedure  may  have  more  application  in 
SCS  in  the  future. 

In  some  places,  sediment-yield  estimates  based 
on  suspended-load  records  are  available  from 
nearby  similar  watersheds,  and  these  may  be 
used  with  certain  adjustments  or  restrictions. 

4.  Measured  sediment  accumulation,  particu- 
larly in  reservoirs,  is  usually  the  best  source  of 


data  for  establishing  sediment  yields  if  the  rec- 
ord is  long  enough  to  be  representative.  Reser- 
voir sediment  deposition  and  sediment  yield, 
however,  are  not  synonymous.  The  amount  in 
tons  of  sediment  accumulated  must  be  divided  by 
the  trap  efficiency  of  the  reservoir  to  determine 
the  sediment  yield.  This  then  would  include  the 
amount  of  sediment  (usually  fine)  that  passed 
on  through  the  reservoir. 

The  relationship  of  erosion  control,  sediment 
yield,  and  reservoir  sediment  accumulation  led 
SCS  in  July  1934  to  begin  the  first  nationwide 
survey  of  reservoir  capacities  and  sediment  ac- 
cumulation.4 SCS  has  actively  surveyed  reser- 
voirs in  the  years  since.  Summaries  of  reservoir 
surveys  made  by  all  Federal  agencies  are  com- 
piled and  printed  periodically  by  the  Sedimenta- 
tion Committee,  now  of  the  Water  Resources 
Council,  and  are  updated  every  5  years.  In  the 
summary  for  the  period  through  1965  (U.S.  De- 
partment of  Agriculture  Miscellaneous  Publica- 
tion No.  1143,  1969)  about  70  pet  of  the  reser- 
voirs listed  were  reported  by  SCS.  In  terms  of 
capacities  surveyed,  the  SCS  proportion  is  much 
less  impressive.  A  new  summary  through  1970 
compiled  by  the  Agricultural  Research  Service 
( ARS )  for  the  Sedimentation  Committee,  Water 
Resources  Council,  is  now  available  (U.S.  De- 
partment of  Agriculture  Miscellaneous  Publi- 
cation No.  1266, 1973). 

In  1970  SCS  prepared  a  plan  for  systematical- 
ly surveying  SCS-designed  reservoirs  represent- 
ative of  land  resource  areas.  These  selected  reser- 
voirs are  being  surveyed  every  5  to  10  years  and 
after  major  storm  runoff  in  an  attempt  to  ob- 
tain representative  sediment  yields,  by  land  re- 
source area,  as  affected  by  watershed  conditions. 
One  objective  is  to  develop  guidelines  on  ex- 
pected sediment  yields  for  watersheds  for  which 
topography,  soils,  cover,  rainfall,  and  conserva- 
tion practices  may  be  comparable.  Documenta- 
tion of  the  effects  of  land  treatment  on  sediment 
yields  from  these  watersheds  is  another  impor- 
tant goal  of  reservoir  surveys. 

When  a  reservoir  is  being  planned  in  a  water- 
shed adjacent  to  a  similar  watershed  with  meas- 
ured reservoir  sediment  accumulation,  the 
measurements  provide  excellent  data  for  predict- 


4  Eakin,  H.  M.  (revised  by  C.  B.  Brown).  1939.  Silting 
of  reservoirs.  U.S.  Department  of  Agriculture  Technical 
Bulletin  524, 168  pp. 
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ing  the  yield  to  the  planned  reservoir.  Since  the 
trap  efficiency  of  the  two  reservoirs  may  be  dif- 
ferent, the  sediment  accumulation  in  the  meas- 
ured reservoir  must  be  divided  by  its  trap  effi- 
ciency to  obtain  the  actual  sediment  yield.  If  this 
yield  is  transferred  to  the  planned  reservoir,  it 
must  be  multiplied  by  the  anticipated  trap  effi- 
ciency to  determine  the  sediment  storage  re- 
quirement. To  transfer  sediment  yield  directly, 
the  watershed  conditions  not  only  must  be  simi- 
lar, but  the  size  of  the  drainage  area  of  the  sur- 
veyed reservoir  should  be  not  less  than  one-half 
nor  more  than  twice  the  drainage«area  for  the 
structures  being  designed.  For  drainage  areas 
differing  by  10  times  or  more  in  size,  no  attempt 
should  be  made  to  transfer  the  data.  For  drain- 
age areas  more  than  twice  as  large  but  less  than 
10  times  as  large  (and  reciprocally  between  one- 
half  and  one-tenth  as  large),  the  total  annual 
sediment  yield  may  be  adjusted  for  design  use  on 
the  basis  of  the  relationship: 

Se=Sjn  {Ae/ A.m)  °'8, 

where  5'(.=sediment  yield  to  structure  being 
designed,  in  tons  per  year, 

S,„=sediment  yield  to  the  surveyed  res- 
ervoir, in  tons  per  year  (measured 
annual  deposition  divided  by  trap 
efficiency  of  surveyed  reservoir) , 

A<.=drainage  area  of  reservoir  being  de- 
signed, 


and       Am=drainage  area  of  surveyed  reser- 
voir. 

The  0.8  power  factor  is  an  observed  relation- 
ship and  is  based  on  limited  data,  since  similar 
watersheds  of  greatly  different  sizes  are  rare. 

In  certain  consistently  mountainous  areas, 
such  as  the  Sierra  Nevada,  there  is  no  indicated 
difference  in  sediment  yield  per  unit  area  due 
to  size  of  drainage  area.  Also,  where  active 
channel  erosion  increases  downstream  (as  from 
main-stem  channel-bank  cutting) ,  the  sediment 
yield  per  unit  area  may  increase  with  increasing 
drainage  area.  Therefore,  the  relationship  be- 
tween drainage  area  and  sediment  yield  must  be 
adjusted  oased  on  experience  and  is  applicable 
generally  to  the  areas  east  of  the  Rocky  Moun- 
tains. 

ii  the  results  of  reservoir  surveys  are  avail- 
able, they  are  used  by  SCS  for  design  purposes. 
U.S.  Department  of  Agriculture  Miscellaneous 
Publication  No.  1266  lists  data  from  over  1,500 
reservoirs  surveyed,  so  that  for  a  given  area 
there  may  be  rates  of  sediment  deposition  avail- 
able for  one  or  several  reservoirs.  When  no  reser- 
voirs representative  of  an  area  have  been  sur- 
veyed, it  is  helpful  to  make  sedimentation  sur- 
veys of  suitable  existing  reservoirs  in  the  area. 
The  reservoirs  surveyed  or  planned  for  survey 
to  estimate  sediment  yield  should  have  a  record 
long  enough  to  insure  that  the  data  obtained  will 
represent  normal  or  average  conditions. 
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BUREAU  OF  RECLAMATION  PROCEDURES 
FOR  PREDICTING  SEDIMENT  YIELD 


By  Robert  I.  Strand1 


In  the  design  and  operation  of  water-supply 
projects,  the  Bureau  of  Reclamation  needs  to 
estimate  sedimentation  rates.  Some  specific  con- 
cerns associated  with  sedimentation  are  loss  of 
capacity  in  storage  reservoirs,  size  and  shape  of 


delta  formation,  depth  of  degradation,  exclusion 
and  removal  requirements  at  diversion  struc- 
tures, channel  stability,  and  capacity  require- 
ments of  cross-drainage  structures. 


FLOW-DURATION,  SEDIMENT-  RATING  CURVE  PROCEDURE 


Whenever  time  and  funds  permit,  sediment 
data  collection  is  initiated  early  in  the  project 
planning  procedure.  Adequate  data  for  the  prep- 
aration of  a  sediment-rating  curve  can  usually 
be  obtained  by  periodic  or  miscellaneous  sampl- 
ing if  particular  emphasis  is  given  to  obtaining 
samples  during  periods  of  flood  flow.  Such  a 
sampling  program  is  considerably  less  costly 
than  a  daily  sampling  program. 

Data  for  development  of  the  necessary  flow- 
duration  curves  are  usually  available  from  a  pre- 
viously established  gaging  station  that  collects 
project  water-supply  information.  In  situations 
where  we  do  not  have  water  discharge  informa- 
tion for  a  long  enough  period,  we  usually  corre- 
late the  streamflow  records  with  those  of  a  near- 
by gaging  station  having  a  longer  period  of  rec- 
ord. 

Figure  1  is  a  plot  of  the  sediment-discharge 
rating  curves  developed  from  19  years  of  sedi- 
ment sampling  data  from  the  San  Juan  River  at 
Bluff,  Utah.  As  in  this  case,  when  the  source  of 
runoff  may  be  either  snowmelt  or  rainstorm,  it 
may  be  necessary  to  develop  individual  sediment- 
rating  curves  for  each  of  the  precipitation  sea- 
sons. 

Figure  2  is  a  plot  of  the  seasonal  flow-duration 
curves  for  the  same  gaging  station  on  the  San 
Juan  River.  The  streamflow  records  in  this  in- 
stance encompass  the  same  time  period  as  the 


sediment  records.  Such  parallel  records  are  not 
often  available,  the  sediment  record  usually  be- 
ing of  short  duration  with  no  measurements 
taken  for  the  extreme  flow  events.  For  such 
cases,  extension  of  the  sediment-rating  curve  be- 
comes an  exercise  of  engineering  judgment — 
which  can  often  be  based  in  part  on  the  maxi- 
mum observed  sediment  concentrations. 

Figures  3  and  4  are  the  results  of  the  computed 
average  annual  sediment  load  for  the  San  Juan 
River  and  the  sediment-yield  rate  derived  from 
it.  The  computed  sediment  yield  for  the  thunder- 
storm period  is  58  pet  of  the  total  for  the  year, 
although  the  runoff  during  that  period  is  only 
36  pet  of  the  average  annual  value. 

The  validity  of  the  sediment-rating  curve  can 
be  cheeked  when  the  suspended-sediment  data 
consist  of  daily  measurements.  By  using  the 
flow-duration  curve  (s)  for  the  same  period  as 
the  period  of  daily  measurement,  the  loads  com- 
puted as  in  figures  3  and  4  should  equal  the  mean 
annual  load  for  the  period  of  sediment  record.  If 
the  two  do  not  agree,  the  sediment-rating  curve 
should  be  adjusted  until  agreement  is  attained.2 
The  sediment-rating  curve  may  then  be  used 
with  the  flow-duration  curve  (s)  for  the  total  pe- 
riod of  streamflow  record  to  compute  the  sedi- 
ment yield  for  the  longer  period. 

Corrections  for  the  unmeasured  portion  of  the 


1  Hydraulic  engineer,  Engineering  and  Research  Cen- 
ter, Bureau  of  Reclamation,  U.S.  Department  of  the  In- 
terior, Denver,  Colo.  80225. 


2  Miller,  C.  R.  1951.  Analysis  of  flow-duration,  sedi- 
ment-rating curve  method  of  computing  sediment  yield. 
U.S.  Department  of  the  Interior,  Bureau  of  Reclamation, 
Denver,  Colo.,  15  pp. 
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Figure  1. — Sediment-discharge  rating  curves  for  San  Juan  River  at  Bluff,  Utah. 


Table  1. — Bedload  correction  table 


Percent  bedload  in 

Suspended-load 

Streambed 

Texture  of 

terms  of  measured 

concentration  (p/m) 

material 

suspended  material 

suspended  load 

<1,000 

Sand  

Similar  to  bed  of  stream 

25-150 

<1,000 

Compacted  clay,  gravel,  cob- 

Small amount  of  sand   

5-  12 

bles  and  boulders.1 

1,000-7,500 

Sand  

Similar  to  bed  of  stream 

10-  35 

1,000-7,500 

Compacted  clay,  gravel,  cob- 

25 pet  sand  or  less   

5-  12 

bles  and  boulders.1 

>7,500 

Sand  

Similar  to  bed  of  stream 

2-  8 

>7,500 

Compacted  clay,  gravel,  cob- 

25 pet  sand  or  less   

5-  15 

bles  and  boulders.1 

Any  concentration 

Clay  and  silt,  unconsolidated. 

<2 

1  The  bed  material  of  the  stream  may  contain  any  one  or  all  of  these  very  fine  or  coarse-sized  sediments. 
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sediment  load  have  been  made  in  the  results 
shown  in  figures  3  and  4.  These  corrections  can 
be  made  by  using  one  of  the  several  bedload  or 
total-load  formulas  available.  The  Modified  Ein- 
stein Procedure  is  most  commonly  used  for  esti- 
mating total  load  when  channel-hydraulic  and 
suspended-sediment  data  are  available.  Total- 
load  computations  are  made  for  several  dis- 
charges and  the  sediment-rating  curve  is  then 
adjusted  for  the  quantity  of  unmeasured  load 
over  its  entire  range. 


If  sufficient  data  are  not  available  to  make 
total-load  computations,  we  make  adjustments 
to  the  suspended-sediment  loads  using  the  data 
shown  in  table  l.3  Indeed,  the  percentages  of  an- 
ticipated bedload  shown  in  this  table  will  indi- 
cate the  need  for  collecting  data  to  compute 
quantities  of  unmeasured  load. 


3  Borland,  W.  M.,  and  Lane,  E.  W.  1951.  Estimating 
bed  load.  Transactions  of  the  American  Geophysical 
Union  32(1)  :  121. 
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25.6 
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O.l  - 

0.5 

0.4 

0.3 

25,000 

1,550,000 
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.5 

1.0 

1.0 

20,700 

l,  130,000 

207.0 

1  1,300 

1 .5  - 

5.0 

3.5 

3.25 

16,300 

740,000 

570.5 

20,450 

5  - 

5 

10 

10 

1  1,700 

400,000 

1,  170.0 

40,000 

1  5  - 

25 

10 

20 

8,900 

245,000 

890.0 

24,500 

25  - 

35 

10 

30 

7,000 

157,000 

700.0 

15,700 

35  - 

45 

: 

40  • 

5,650 

107,000 

565.0 

10,700 

45  - 

55 

10 

50 

4,720 

79,000 
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7,900 

55  - 

10 

60 

3,750 

52,000 

375.0 

5,200 

65  - 

75 

10 

70 

2,940 

33,500 
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3,350 

75- 

85 

10 

80 
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?  : 

195.0 

1,700 

85  - 

95 

: 

90 
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7,000 

II  0.0 
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95  - 

98.5 

3.5 
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l  8.9 

74 

38.5  - 

99.5 

1  .0 
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25 

: 

0.25 

0.  12 

99.5  - 

99.9 

0.4 

99.7 

7.5 

4.5 

0.03 

0.02 

99.9  - 

99.98 

0.08 

99.94 

2.5 

2.0 

0.02 

0.0 

99.98  - 

100 

0.02 

99.99 

0 

: 

0 

0 

TOTAL 

5,  702.5 

150,394 

RUNOFF  =  5,  702.5    X   106   X    1.9835  =  1,200,000  A  F/YR 

SEDIMENT  =  150,394  X  106  =  15,950,000  TONS/  YR. 
UNMEASURED  CORRECTION  (20%)  =  3,200,000  TONS  /  YR 
TOTAL   SEDIMENT  =   19,150,000  TONS/YR 


19,150,000  TONS/YR 
1361   TONS/A  F  X  23,000  Ml 


0.612  A  F  /  MI2/YR. 


Figure  3. — -Average  annual  sediment  load  for  the  San 
Juan  River  snowmelt  season. 


SEDIMENT-YIELD  RATE  CURVES 


By  using  reservoir  resurvey  information  or 
long-term  sampling  data  from  watersheds  hav- 
ing similar  climatic,  topographic,  and  geologic 
properties,  it  is  possible  to  construct  sediment- 
yield  rate  curves.  Figure  5  is  such  a  curve  de- 
veloped for  the  arid  Southwest  with  drainage 
basin  size  as  the  independent  variable.  The  rela- 
tionship of  sediment  yield  varying  with  approxi- 


mately the  0.8  power  of  drainage  area  agrees 
with  other  findings.4 

Application  of  this  type  of  curve  should  be 
tempered  with  judgment  based  on  a  thorough 
knowledge  of  the  drainage  basin  in  question.  Re- 
cent fires,  mining  activity,  overgrazing,  or  other 

*  Chow,  V.  T.  1964.  Handbook  of  applied  hydrology,  pp. 
17.  12-17. 13.  McGraw-Hill,  New  York. 
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10 
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1  1,750 
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10 

20 
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25  -  35 

10 

30 
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28,000 

123.0 

2,800 

35  -  45 

10 

40 

985 

1  4,700 

98.5 

1 ,470 
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10 

50 

830 

8,700 

83.0 

870 
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10 

60 
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5,600 

73.0 

560 

65  -  75 

10 

70 

640 

3,900 

64.0 

390 

75-85 

10 

80 

530 

2,500 

53.0 

225 

85  -95 

10 

90 
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37.8 

96 
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3.5 
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0 

0 

0 

0 
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Figure  4. — Average  annual  sediment  load  for  the  San 
Juan  River  rainstorm  season. 


unnatural  conditions  could  seriously  upset  the 
predictions,  especially  on  smaller  basins. 

In  locating  the  pumping-plant  intake  channel 
on  Lake  Havasu,  a  feature  of  the  Central  Ari- 
zona Project,  we  had  to  determine  the  sediment 
inflow  to  the  reservoir  from  the  Bill  Williams 
River.  From  the  time  Parker  Dam  was  closed  in 
1938  through  1968,  the  Bill  Williams  arm  of 
Lake  Havasu  collected  deposits  from  an  area  of 
5,440  mi2.  When  Alamo  Dam,  upstream  of  Lake 
Havasu,  was  closed  in  July  1968,  the  directly 
contributing  drainage  area  was  reduced  to  710 
mi2.  Using  the  results  of  a  reservoir  resurvey  on 
the  Bill  Williams  River  arm  of  Lake  Havasu  in 
August  1970,  a  sediment  yield  rate  of  0.13  acre- 
foot/mi2/yr  was  determined  for  the  total  basin 
prior  to  construction  of  Alamo  Dam.  Plotting 
this  value  on  the  relationship  of  sediment  yield 
given  in  figure  5  and  drawing  a  line  parallel  to 
the  previous  curve  for  the  southwest  region,  a 
yield  is  obtained  for  710  mi2  of  0.20  acre-foot/ 
mi2/yr.  This  value  was  checked  by  comparing  it 
to  recommendations  of  the  Pacific  Southwest 
Interagency  Committee,  and  by  applying  a  maxi- 
mum sediment  concentration  to  the  flood  flows 
estimated  to  occur  between  Alamo  Dam  and  Lake 
Havasu.  The  sediment  yield  from  the  drainage 
basin  was  added  to  an  estimated  sediment  volume 
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Figure  5. — Sediment  yield  versus  drainage  area  for  the  Southwest. 
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due  to  degradation  below  Alamo  Dam  to  give  a 
total  sediment  inflow  to  Lake  Havasu  for  the 
project  life.  In  our  analysis  of  degradation  we 
assumed  that  the  only  flows  which  would  erode 
sediment  from  the  channel  would  be  spills  from 
Alamo  Dam,  which  will  occur,  on  an  average, 
about  2.4  times/yr.  Using  Colby's  relationship 

OTHER 

The  prediction  of  sediment  yield  from  the 
small  drainage  systems  intersected  by  our  con- 
veyance systems  is  one  of  the  more  difficult  pro- 
cedures. Cross-drainage  structures  must  be  de- 
signed to  accommodate  the  passage  of  the  design- 
frequency  flood  and  its  associated  sediment  vol- 
ume. An  average  sediment  concentration  is  as- 
sumed for  the  design  flood  volume  and  the  vol- 
ume of  sediment  that  may  be  deposited  at  the 
structure  is  derived.  The  assumption  of  concen- 
tration is  usually  based  on  a  sampled  concentra- 
tion from  a  similar  stream  in  the  area. 

In  the  design  of  the  drainage  system  for  the 
Navajo  Indian  Irrigation  Project  in  the  San 
Juan  Basin  of  northern  New  Mexico,  we  estimat- 
ed sediment  volumes  for  42  cross-drainage  areas 
above  one  of  the  large  drains,  ranging  in  size 
from  7  to  3,200  acres.  The  drain  was  designed  to 
exclude  sediment  contributed  by  cross-drainage 
channels  and  to  store  on  the  land  all  sediment 
associated  with  floods  less  than  or  equal  to  the 
design  flood. 

The  development  plan  called  for  operating  the 
drain  for  several  years  before  full  development 
of  farm  units  within  the  drainage  areas.  There- 
fore, two  conditions  of  ground  cover  were  con- 
sidered for  lands  above  the  drain,  one  being  the 
natural  state  in  which  the  land  is  quite  barren 
and  highly  erodible,  and  the  other  with  farm 
units  well-developed,  including  good  crop  cover, 
field  drains,  and  farm  roads.  Assuming  natural 
conditions  above  the  drain,  we  estimated  a  mean 
sediment  concentration  for  flood  events  over  a 
100-yr  period.  This  concentration  was  then  ap- 
plied to  the  design  flood  for  each  drainage  area 
to  determine  the  accompanying  sediment  volume. 
For  the  condition  of  completed  project  develop- 
ment, we  distinguished  between  irrigated  farm- 
land and  undeveloped  land,  applying  the  same 
sediment  concentration  to  undeveloped  land  and 
an  adjusted  concentration  for  irrigated  land.  An 
adjustment  factor  was  derived  making  use  of  the 
universal  soil  loss  equation,  as  defined  in  U.S. 


of  sand  transport  to  velocity,5  after  a  check  of  the 
computations  for  historic  conditions,  we  comput- 
ed a  sand  transport  for  future  flows  of  28,000 
tons  d  or  3,200  acre-feet  for  the  100-yr  project 
life.  With  this  amount  added  the  total  sediment 
inflow  to  Lake  Havasu  for  the  project  life  was 
17,400  acre-feet. 

METHODS 

Department  of  Agriculture  Agriculture  Hand- 
book No.  282,  together  with  the  sediment-yield 
rate  curve  for  the  Southwest  shown  in  figure  5. 
The  method  used  in  making  this  adjustment  is 
shown  in  the  example  below.  This  procedure  in- 
volved some  rough  estimates  of  the  soil  loss  par- 
ameters and  at  best  provides  only  an  approxima- 
tion of  sediment  volumes  that  can  be  expected. 
The  example  does  serve  to  underscore  our  need 
for  more  data  on  sediment  yield  from  small 
watersheds,  especially  from  the  arid  regions  of 
the  West  where  many  of  the  reclamation  proj- 
ects are  located. 

Total  sediment  volume  from  area  No.  15  for  100- 
yr  flood  event. 

FT= 100-yr  flood  volume=92.0  acre-feet. 

Ar=total  drainage  area=897.6  acres=1.402  mi2 
A,= irrigated  area  =409.0  acres=  .639  mi2 
AY=nonirrigated  area  =488.6  acres=  .763  mr 

Yield  rate  on  irrigated  land=0.39  acre-feet/mi2/ 

yr. 

Yield  rate  on  nonirrigated  land=2.20  acre-feet 

mi2/yr. 

Ratio  of  rates=0.39  /2.20=0.1772, 

Cy=concentration  from  nonirrigated  land 
=0.20. 

C,=conventration  from  irrigated  land=0.1772 
X  0.20=0.0354. 

Sediment  vo\ume=FT/AT(AyCy-{-A,C!) 

=92.0  897.6 (488.6X0.20) 

+  (409.0X0.0354) 
=11.50  acre-feet. 

We  have  attempted  to  use  some  of  the  sedi- 

5  Colby,  Bruce  R.  1964.  Discharge  of  sands  and  mean 
velocity  relationships  in  sand-bed  streams.  U.S.  Geologi- 
cal Survey  Professional  Paper  No.  462-A. 
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ment-yield  predictive  equations  based  upon 
quantification  of  the  factors  influencing  sedi- 
ment production.'^  Our  utilization  of  these  equa- 


6  Pacific  Southwest  Interagency  Committee.  1968.  Fac- 
tors affecting  sediment  yield  and  measures  for  the  reduc- 
tion of  erosion  and  sediment  yield,  pp.  1-10. 


tions  has  been  limited  to  checking  the  results  of 
sedimentation  yields  obtained  by  other  methods. 
These  comparisons  have  not  always  been  consist- 
ent. The  difficulty  appears  to  be  the  realistic 
quantification  of  the  variables  when  the  drain- 
age basins  are  relatively  large  and  there  is  con- 
siderable variation  within  the  basin. 


CONCLUSIONS 


The  techniques  described  in  this  report  and 
utilized  by  the  Bureau  of  Reclamation  for  pre- 
dicting sediment  yields  vary  considerably  de- 
pending upon  the  data  available  and  the  com- 
plexity of  the  problem.  In  those  instances  in- 
volving large  reservoirs  with  large  drainage 
areas,  where  sediment  inflow  is  significant,  we 


would  use  the  flow-duration,  sediment-rating 
curve  procedure  with  the  necessary  corrections 
for  unmeasured  load.  However,  each  situation  is 
unique;  when  the  problem  is  complicated,  as  by 
an  upstream  dam,  the  technique  must  be  ad- 
justed to  fit. 
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CORPS  OF  ENGINEERS  METHODS  FOR 
PREDICTING  SEDIMENT  YIELDS 


By  Robert  H.  Livesey1 


INTRODUCTION 


The  methods  used  by  the  Corps  of  Engineers 
for  predicting  sediment  yields  are  in  general, 
based  upon  empirical  relationships,  but  vary  in 
scope  and  procedure  depending  upon  the  com- 
plexity of  the  individual  water  resource  project 
plan  or  design.  Because  of  the  diverse  nature  of 
these  projects,  both  in  design  magnitude  and 
geographic  location,  a  standard  method  for  de- 
sign application  is  not  employed  throughout  the 
Corps.  Instead,  the  individual  district  offices 
make  a  sensitivity  appraisal  to  evaluate  the  im- 
pact of  all  sedimentation  influences  on  a  specific 
project  plan.  From  this  first-approximation  an- 
alysis, the  scope  of  the  sedimentation  problem  is 
defined.  This  definition  then  becomes  the  basis 
for  selecting  methods  to  be  used  in  establishing 
the  true  magnitude  of  the  problem  components 
and  design  solution  criteria.  Where  it  is  appar- 
ent that  modification  of  a  method  might  be  prac- 


tical to  produce  an  improvement  in  design  evalu- 
ation, such  modification  is  encouraged.  For  this 
reason,  a  variety  of  procedures  is  developed  and 
employed  throughout  the  Corps,  but  they  all  re- 
late closely  to  one  of  the  three  basic  empirical 
approaches  for  predicting  sediment  yield,  name- 
ly, ( 3 )  measuring  the  yield  rate  directly  by  sedi- 
ment sampling  or  reservoir  surveys,  (2)  extra- 
polation of  such  measured  data  to  unmeasured 
drainages  by  various  correlation  and  probability 
techniques,  or  (3)  establishment  of  identifiable 
physiographic  watershed  or  streamf  low  charac- 
teristics that  permit  development  of  predictive 
equations.  Theoretical  approaches  to  the  predic- 
tion of  sediment  yields  have  been  occasionally 
employed  for  special  circumstances  where  em- 
pirical relationships  were  weak  or  confidence 
lacking,  but  such  procedures  are  not  common. 


DEVELOPMENT  OF  PREDICTION  METHODS 


Sediment  sampling  in  the  United  States  dates 
back  to  1838,  when  the  Corps  of  Engineers  was 
engaged  in  navigation  channel  work  on  the  lower 
Mississippi  River.  During  the  next  100  years,  the 
need  for  sediment  predictions  related  almost  en- 
tirely to  river  navigation  and  estuary  mainte- 
nance work.  It  was  not  until  after  passage  of  the 
Flo'od  Control  Acts  of  1928  and  1936,  when  the 
Corps  started  to  plan,  design,  and  construct  mul- 
tiple-purpose reservoirs,  that  the  need  for  sedi- 
ment-yield predictions  developed.  Typical  of  this 
initial  phase  of  sediment  yield  investigations  was 
Straub's  work,  which  is  well  documented  in  the 
1933  Missouri  River  Basin  report  of  the  Chief  of 
Engineers  in  response  to  House  Document  No. 
308,  69th  Congress.  His  development  of  the  sedi- 
ment-rating curve  method  was  later  amplified 


1  Supervisory  hydraulic  engineer,  Omaha  District,  U.S. 
Army  Corps  of  Engineers,  Omaha,  Nebr.  08102. 


by  Campbell  and  Bauder  in  the  1940's,  and  Miller 
in  the  1950's,  into  the  popular  rating  curve-flow 
duration  method.  After  Straub's  work  the  em- 
phasis on  documenting  sediment-yield  rates 
shifted  in  the  1940's  to  reservoir  survey  measure- 
ments and  the  relation  of  sediment  yield  to  con- 
tributing drainage  areas,  reservoir  capacities, 
stream  density  or  slope,  and  runoff.  The  early 
work  of  Brown  and  Gottschalk  is  typical  of  this 
period.  But  this  work,  like  Straub's,  was  consid- 
ered professionally  weak  because  it  related  sedi- 
ment yield  to  only  a  few  of  the  many  contribut- 
ing factors.  Next,  during  the  early  1950's,  efforts 
were  concentrated  on  the  expansion  of  Mus- 
grave's  definition  of  quantitative  factors  for 
small  land  units  to  the  drainage  increments  of 
large  river  control  projects.  These  evaluations 
attempted,  without  much  success,  to  relate  many 
of  Musgrave's  factors  on  a  regional  or  annual 
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basis  in  lieu  of  local  or  seasonal  definitions.  Dur- 
ing this  same  period,  sediment  sampling  and  res- 
ervoir survey  measurement  techniques  were 
enhanced.  Long-term  basin  runoff  characteris- 
tics were  also  identified  to  improve  confidence  in 
the  sediment  rating  curve-flow  duration  method. 
However,  by  the  late  1950's,  a  shift  in  project 
planning  to  smaller  drainage  areas  began.  The 
definition  of  local  drainage  controls  and  urban 
runoff  assumed  greater  importance;  the  "big 
dam"  criteria  for  yield  predictions  were  no  long- 
er applicable.  This  change  required  a  downward 
extrapolation  toward  the  upper  limits  of  SCS 

PREDICTION 

Corps  study  investigation  or  design  criterion 
for  individual  projects  dictates  that  alternative 
methods  for  sediment-yield  prediction  be  con- 
sidered and  evaluated.  These  empirical  methods 
generally  fall  into  two  basic  categories,  the  extra- 
polation of  measured  records  and  the  use  of 
predictive  equations.  Most  work  related  to  the 
planning,  design  and  operation  of  reservoirs  is 
based  upon  the  former  method,  while  channel 
alinement  and  stabilization  relate  to  the  latter 
method.  Although  the  Corps  has  no  standard 
method,  the  use  of  the  sediment  rating  curve- 
flow  duration  technique,  or  some  ramification, 
has  had  the  widest  application.  The  following 
discussion  of  the  various  sediment-yield  predic- 
tion methods  used  in  Corps  of  Engineers  studies 
and  designs  will  be  divided  into  the  two  basic 
categories  previously  mentioned.  Descriptive 
comments  will  be  limited  to  a  summary  nature, 
but  a  study  or  design  memorandum  reference  is 
given  for  each  method.  Most  references  can  pro- 
vide complete  details  on  one  or  more  methods. 
An  attempt  was  made  to  include  with  each  dis- 
cussion a  reference  figure  that  identified  the 
salient  features  of  the  method  or  the  output  re- 
sults. 

Before  a  discussion  of  the  characteristics  of 
various  methods,  some  comment  must  be  focused 
on  the  appraisal  techniques  used  to  select  the 
alternative  methods  to  be  considered.  The  follow- 
ing are  common  project  evaluation  criteria: 

Sensitivity  Evaluation. — This  appraisal  at- 
tempts to  bring  the  scope  of  sedimentation  in- 
fluences into  focus  with  the  overall  project  pur- 
pose and  plan.  Later  detailed  analyses  define  the 
real  magnitude  and  occasionally  dictate  a  shift 
in  study  emphasis;  but,  early  in  both  the  plan- 


criteria.  To  meet  the  need,  the  number  of  Corps 
sediment-load  stations  was  doubled,  plans  were 
implemented  to  document  urban  runoff  charac- 
teristics, and  correlation  techniques  concen- 
trated on  qualifying  the  adequacy  of  short-term 
records.  As  the  environmental  issues  of  the  late  . 
1960's  developed  their  impetus,  design  criteria 
and  needs  mushroomed  into  the  broad  fields  of 
water  quality  control,  biological  reproduction, 
eutrophication  acceleration,  and,  most  recently, 
waste-water  management.  Prediction  methods 
for  most  of  these  latter  aspects  remain  unquali- 
fied at  the  present  time. 

CRITERION 

ning  and -design  phases,  potential  problems  are 
identified  and  priorities  established  regarding 
their  importance  to  the  various  design  features. 
When  considering  current  environmental  as- 
pects, it  is  not  uncommon  to  schedule  a  later, 
second  sensitivity  evaluation  in  case  a  reorienta- 
tion of  project  priorities  or  efforts  is  necessary. 

Identifying  Basic  Data. — This  operation  con- 
sists of  a  records  and  literature  search  to  find 
existing  streamflow  or  sediment  measurement 
records,  previous  related  study  data  or  pertinent 
research  activity. 

Hydrology. — This  analysis  usually  consti- 
tutes the  initial  design  effort.  Early  in  this  work 
preliminary  sediment-yield  predictions  are  made 
to  satisfy  first-approximation  storage  and  flow- 
routing  requirements.  Later,  as  alternate  project 
operation  schemes  are  developed,  the  design  yield 
rates  are  incorporated  into  the  final  hydrologic 
analysis.  The  development  of  long-term  flow- 
duration  data  is  another  important  contribution. 

Geomorphic  Characteristics. — The  factors 
considered  in  this  analysis  are  quite  varied  and 
broad;  the  degree  of  investigation  depends  upon 
need.  General  needs  include  such  items  as  geo- 
logic variations,  soil  classifications  and  charac- 
teristics, channel  dimensions,  composition  of 
stream  bank  and  bed  materials  and  stream 
slopes. 

Basin  Reconnaissance. — At  least  one  field  re- 
connaissance of  the  contributing  drainage  is 
made  early  in  the  preliminary  design  phase. 
Usually  it  is  a  "windshield"  survey  of  sufficient 
scope  to  identify  major  or  contrasting  drainage 
features  and  permit  judgment  comparison  of 
variations  in  yield  rates  and  channel  dimensions. 
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METHODS  INVOLVING  EXTRAPOLATION  OF 
MEASURED  RECORDS 


The  first  category  involves  the  extrapolation 
of  measured  records  and  is  divided  into  three 
major  measurement  classifications — sediment 
loads,  reservoir  surveys,  and  reconnaissance  in- 
spections. Relevant  methods  for  each  are  de- 
scribed below. 

Sediment-Load  Measurements 

Sediment  Rating  Curve  Method. — This  basic, 
older  method  is  usually  associated  with  a  flow- 
duration  analysis,  but  occasionally  special  cir- 
cumstances still  require  its  use.  An  example 
would  involve  instantaneous  units  of  flow  and 
concentration  rather  than  mean  daily  values. 
These  applications  usually  relate  to  a  near-con- 
stant or  limited  range  of  flows,  such  as  for  sea- 
sonal or  monthly  variations  between  run-of- 
river  reservoirs  within  a  large  system.  In  such 
instances  the  minor  incremental  flow  and  sedi- 
ment contributions,  including  their  duration  and 
frequency,  are  usually  obscured  by  the  large  base 
flow.  The  method  involves  the  plotting  of  meas- 


ured suspended-sediment  load  values  versus 
equivalent  units  of  discharge  for  desired  time 
periods  and  defining  the  mean  curve.  An  ex- 
ample is  shown  in  figure  1.  This  method  was 
originally  developed  for  the  1933  Missouri  River 
Basin  308  report  with  further  enhancement  by 
Campbell  and  Bauder  in  their  paper,  "A  Rating- 
Curve  Method  for  Determining  Silt-Discharge 
of  Streams,"  published  in  the  Transactions  of  the 
American  Geophysical  Union  (Vol.  30,  August 
1949). 

Sediment  Rating  Curve-Flow  Duration  Meth- 
od.— This  popular  method  combines  the  rating- 
curve  principle  with  the  measured  stream-flow 
record  to  develop  a  probability  correlation  be- 
tween the  sediment  and  water  discharge  of  a 
stream.  The  method  consists  of  a  determination 
of  suspended-sediment  load  values  from  the  rat- 
ing curve  for  corresponding  increments  of  dis- 
charge from  a  flow-duration  curve.  Multiplica- 
tion of  the  suspended-sediment  load  and  dis- 
charge increments  by  the  time  percentage  inter- 
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Figure  1. — Sediment-rating  curve,  Elkhorn  River,  Waterloo,  Nebr. 
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val  gives  a  daily  occurrence  value.  Totaling  these 
daily  average  values  produces  the  mean  daily  dis- 
charge and  suspended-sediment  load  for  the 
year.  Further  multiplication  of  these  mean  daily 
values  by  the  number  of  days  in  the  year  gives 
average  annual  rates.  Addition  of  unmeasured 
suspended  or  bedload  estimates  results  in  a  total 
average  annual  sediment-load  value.  Variations 
in  this  method  permit  development  of  long-term 
rate  estimates  based  upon  seasonal  or  short  pe- 
riods of  record.  Figures  1,  2,  and  3  record  the 
principle  details  of  this  method.  For  more  com- 
plete details,  including  an  evaluation  of  the  tech- 
niques of  this  method,  see  "An  Analysis  of  the 
Flow-Duration,  Sediment-Rating  Curve  Method 
of  Computing  Sediment  Yield,"  by  Carl  R.  Mil- 
ler, published  by  the  Bureau  of  Reclamation's 
Hydrology  Branch,  Denver,  Colo.,  in  April  1951. 

Sediment  Discharge-Soil  Type  Relationships. 
— This  method  relies  upon  a  runoff-sediment 
load  record  to  obtain  a  correlation  of  sediment 
yield  according  to  soil  classification  and  culti- 
vated areas.  River  basins  are  divided  by  soil 
types  and  annual  surface  runoff-sediment  dis- 
charge curves  developed  for  each  classification 
according  to  the  extent  of  cultivated  acreage.  An 
example  of  the  relationship  developed  for  13 
drainages  of  mixed  loess  and  glacial  soils  is 
shown  in  figure  4.  A  comparable  correlation  was 
possible  for  residual  limestone,  sandstone,  and 
shale  soils,  but  in  loessial  terrain  the  results 
were  indeterminate.  For  further  information  re- 
fer to  an  unpublished  report  on  "Rates  of  Sedi- 
ment Production  in  the  Kansas  City  District," 
by  A.  L.  Hill,  available  from  the  U.S.  Army  Engi- 
neer District,  Kansas  City,  Kansas  City,  Mo. 
69106. 

Dominant  Basin  Characteristics. — The  simi- 
larity of  the  dominant  physical  characteristics 
of  a  drainage  basin  versus  the  measured  sedi- 
ment production  is  the  basis  for  this  method. 
The  dominant  characteristics  included  land  use, 
relief  and  topography,  climate,  water,  and  soil 
types.  Land-resource  areas  are  used  to  group  the 
defined  individual  sediment  yield  rates  into 
comparable  area  categories.  Both  suspended- 
sediment  load  and  reservoir  sedimentation  sur- 
vey records  are  used  to  establish  yield  rates  by 
drainage  area  or  time  increments  for  a  given 
base  period.  The  flow-duration  principle  is  ap- 
plied to  adjust  short-term  records  to  the  base 
period.  Such  adjustments  require  establishment 


of  sediment  discharge-to-streamflow  relation- 
ships for  the  period  of  measurements  and  then 
correlating  this  data  to  the  long-term  flow  regi- 
men of  the  stream.  The  method  has  produced  in- 
dications of  sediment-yield  trends  with  time  in 
several  instances.  Figures  5,  6,  and  7  depict  the 
general  features  of  this  method.  For  details  see 
"Sediment  Yields  in  the  Upper  Mississippi  River 
Basin,"  by  Frank  J.  Mack,  published  in  the  "Pro- 
ceedings of  a  Seminar  on  Sediment  Transport  in 
Rivers  and  Reservoirs"  in  April  1970  by  the 
Hydrologic  Engineering  Center,  Corps  of  Engi- 
neers, at  Davis,  Calif. 

Sediment  Yield  by  Isogram  Intervals. — Ex- 
cept for  the  degree  of  individual  basin  analysis, 
a  similarity  exists  between  this  and  the  preced- 
ing method.  This  method  recognizes  the  domi- 
nant physical  characteristics  and  measured  sedi- 
ment-production records  of  the  basin,  but  in  ad- 
dition, relies  upon  personal  knowledge  and  engi- 
neering judgment  to  evaluate  the  sediment-yield 
characteristics  of  a  basin.  The  method  was  de- 
veloped for  use  as  a  task  force  expedient  by  a 
group  of  interagency  sedimentation  specialists 
to  document  sediment-yield  rates  for  large  river 
basins.  Yield  rates  for  standard  periods  of  time 
are  derived  by  extrapolation  of  shorter  period 
records  by  one  of  three  procedures — comparing 
sediment  load- water  discharge  relations  between 
periods  of  record  and  the  standard  period,  deri- 
vation of  sediment-water  regression  curves  for 
increments  of  drainage  area,  or  evaluating  rela- 
tions between  intermittent  sediment  measure- 
ments made  over  sh°vt  time  periods.  The  final 
delineation  of  isogram  lines  is  based  upon  group, 
experience  and  judgment.  A  typical  end-product 
of  this  method  is  shown  on  figure  8.  Examples 
of  this  method  can  be  found  in  any  one  of  the 
seven  subbasin  sedimentation  reports  prepared 
by  the  Task  Force  on  Sedimentation  for  the 
Missouri  River  Basin  Comprehensive  Frame- 
work Study,  submitted  for  limited  distribution  to 
participating  agencies  of  the  Missouri  Basin 
Inter-Agency  Committee  in  1968  and  1969. 

Sediment  Yield  During  Urban  Expansion. — 
The  techniques  of  this  method  are  still  in  the 
developmental  stage.  The  basic  premise  in  the 
transition  of  rural  lands  to  urban  usage  over 
given  time  periods  is  that  sediment-yield  rates 
accelerate  from  agricultural  values  to  a  high 
peak  during  landscaping  or  construction,  then 
decline  to  a  lower  plateau  as  the  land  "heals," 
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LONG  TERM  TOTAL  5  3)  IN  JUT  LOAD  ESTIMATE  FOR 
ELKHORN  RIVER  AT  WATERLOO,  NEBRASKA 

STREAMFLOV  RECORD  -  1929  TO  1963 
SUSPENDED  SEDIMENT  SAMPLING  RECORD  -  AUG.  19U8  TO  NOV.  1950 


Suspended 

'.■later 

Sediment 

Daily- 

Daily 

Percent 

Discharge 
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Figure  3. — Rating-curve-flow  duration  method.  Elkhorn 
River,  Waterloo,  Nebr. 

and  finally  level  off  at  some  low  stable  rate  rep- 
resentative of  business  or  residential  lands.  A 
projection  of  urban  expansion  limits,  provided 
by  the  local  metropolitan  planning  authority, 
serves  as  a  base  for  converting  contributing 
drainages  from  rural  use  to  single  family,  multi- 
family  or  commercial  usage.  Integration  of  yield 
rates  for  increments  of  area  in  various  stages  of 
development  permits  a  continuous  assessment 
over  the  design  life  of  the  project.  Judgmental 
extrapolation  of  limited  urban  runoff  and  sedi- 
ment-yield measurements  is  currently  necessary, 
but  data  collection  programs  that  concentrate  on 
storm-runoff  measurements  can  quickly  improve 
this  limitation.  A  generalized  schematic  outline 
of  this  method,  as  being  developed  by  the  Omaha 
District,  is  shown  in  figures  9  and  10. 

Reservoir  Sedimentation  Surveys 

Sediment  Yield  Per  Unit  of  Drainage. — The 
application  of  this  method  is  widespread  be- 
cause of  its  simplicity  in  relating  measured  rates 
of  sediment  yield  to  the  contributing  drainage 


area  increment.  Numerous  correlations  are  pos- 
sible within  certain  ranges  of  drainage  area  by 
soil  types,  runoff  volumes,  watershed-capacity 
ratios,  dominant  discharge,  land  use,  physio- 
graphic areas,  and  many  other  parameters.  Most 
Corps  applications  of  these  yield  rates  pertain  to 
contributing  drainages  greater  than  100  mi2,  so 
correlation  with  the  conventional  soil  loss  par- 
ameters is  not  common.  The  principle  source  of 
reference  data  is  U.S.  Department  of  Agricul- 
ture Miscellaneous  Publication  No.  1143,  "Sum- 
mary of  Reservoir  Sediment  Deposition  Surveys 
Made  in  the  United  States  Through  1965,"  or  re- 
lated reporting  form  1787.  A  typical  example  of 
this  method  can  be  noted  in  figure  11. 

Yield  Production  for  Debris  Basins. — This  is 
a  special  application  used  to  determine  the  sedi- 
ment yield  into  flood  control  debris  basins  in 
mountainous  terrain.  The  method  was  developed 
from  observed  debris  volumes  that  reflect 
ground  conditions  influenced  by  prior  rain  run- 
off and  areas  subjected  to  partial  or  complete 
"burns."  Influencing  factors  include  size  and 
shape  of  drainage  area;  steepness  of  canyons  and 
side  slopes;  geological  characteristics;  type  and 
density  of  plant  cover;  recency  of  burns;  and 
frequency,  duration,  and  intensity  of  storms. 
Measured  debris  volumes  are  adjusted  to  a  com- 
mon base  and  curves  developed  for  separate  cor- 
rections of  the  major  factors  affecting  debris 
production.  Figure  12  summarizes  the  details  of 
this  method.  Further  information  is  available  in 
"A  Method  of  Estimating  Debris-Storage  Re- 
quirements for  Debris  Basins,"  by  Fred  E.  Ta- 
tum,  published  in  the  "Proceedings  of  the  1963 
Federal  Inter-Agency  Sedimentation  Confer- 
ence," U.S.  Department  of  Agriculture  Miscel- 
laneous Publication  No.  970. 

Reconnaissance  Inspections 

The  following  methods  are  directed  toward 
establishing  preliminary  estimates  of  sediment 
yield  for  large  drainage  areas.  On  occasion,  the 
investigation  details  have  been  expanded  to  cov- 
er studies  of  design  scope  for  small  to  moderate 
drainages.  Their  basic  premise  consists  of  a  quick 
but  detailed  reconnaissance  inspection  of  the  con- 
tributing drainage  area  by  two  or  more  sedi- 
mentation specialists,  who,  by  experience,  are 
capable  of  making  estimates  of  sediment  yield 
rates.  During  the  field  reconnaissance  they  col- 
lectively establish  representative  point  rates  for 
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Figure  4. — Average  annual  runoff  for  mixed  loess  and  glacial  soils. 


increments  of  major  drainages  within  the  over- 
all study  basin.  This  technique  is  particularly 
applicable  for  a  degree  assessment  of  contribut- 
ing versus  noncontributing  drainage  as  influ- 
enced by  soil  management  practices,  smaller  res- 
ervoirs or  ponds,  or  irrigation  diversion  projects. 
If  the  basin  is  relatively  small,  perhaps  less  than 
1,000  mi2,  the  estimates  for  even  third-  or  fourth- 
order  streams  can  become  quite  detailed.  For 
larger  basins,  selected  streams  might  be  covered 
in  more  detail  and  the  remainder  left  to  a  ran- 
dom choice  of  inspection.  The  end  product  is 
usually  similar  to  that  shown  in  figure  8. 

Interpolation  of  Rates  Within  a  Basin.— This 
method  requires  several  points  of  measured  sedi- 
ment yield,  by  either  sediment  sampling  or  reser- 
voir surveys,  within  the  basin  drainage.  One  of 
these  points  should  be  located  near  the  mouth  of 
the  basin  to  reflect  the  total  measured  yield  from 
the  drainage.  During  the  field  reconnaissance 
these  measured  rates  are  used  as  a  comparative 
guide  for  estimating  yield  rates  for  small  incre- 
ments of  the  unmeasured  drainages.  When 
enough  point  estimates  are  established,  a  yield 
contour  map  is  developed.  Using  digitizing  or 


planimetering  processes,  drainage  area  incre- 
ments of  equal  yield  rates  are  totaled  for  the 
major  drainages  within  the  basin.  A  summation 
of  these  totals  and  division  by  the  contributing 
drainage-area  value  gives  an  average  sediment- 
yield  rate  for  the  subject  increment.  These  incre- 
ment rates  are  checked  against  the  measured  in- 
crement rates  for  verification.  If  they  are  not 
reasonably  comparable,  adjustments  to  selected 
point  estimates  are  justified  to  bring  the  inte- 
grated total  into  balance  with  measured  data. 

Extrapolation  to  Unmeasured  Watersheds. — 
The  basic  procedure  is  similar  to  that  above  ex- 
cept that  a  comparison  between  the  total  esti- 
mated and  measured  rates  for  a  basin  is  not  pos- 
sible. Prior  to  the  field  inspection  of  the  unmeas- 
ured drainage,  the  reconnaissance  team  usually 
makes  a  preliminary  inspection  of  the  measured 
drainages  being  used  as  the  extrapolation  base. 
This  visual  inspection  requires  additional  time 
and  effort  but  serves  as  an  effective  means  for 
comparative  extrapolation.  The  validity  of  this 
method  is  dependent  upon  the  degree  of  extrap- 
olation, but  apparent  satisfactory  results  have 
been  produced  within  a  restricted  time  period. 
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Figure  5. — Land-resource  regions  and  major  land-resource  areas. 
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Figure  7. — Observed  sediment  yields,  all  land-resource  areas. 


METHODS  INVOLVING 

The  second  category  involves  predictive  equa- 
tion methods.  Most  of  the  individual  methods 
discussed  below  apply  to  the  solution  of  specific 
problems.  They  differ  from  the  preceding  meth- 
ods in  that  the  predicted  sediment  yield  relates 
primarily  to  channel  contributions  rather  than 
from  a  watershed  drainage.  The  Corps'  use  of 
predictive  equations  for  determining  watershed 
yields  is  very  limited. 

Sediment  Transport  Relationships. — There 
is  a  variety  of  methods  in  this  classification 
but  the  most  common  is  the  Einstein  approach, 
with  one  of  its  many  modifications,  or  the  more 
recent  Toffaleti  procedure.  Their  use  for  sedi- 
ment-yield predictions  usually  relates  to  channel 
stabilization  projects  involving  aggradation  or 
degradation  problems.  But  their  application  is 
also  common  in  establishing  the  magnitude  or 
rate  of  unmeasured  suspended  or  bed  sediment 
load  values.  Estimates  of  such  values  are  ex- 
tremely important  in  certain  instances  when  es- 
tablishing yield  rates  from  measured  suspended- 
sediment  load  records,  as  is  required  in  the  rat- 
ing curve-flow  duration  method.  An  excellent 


tEDICTIVE  EQUATIONS 

discussion  of  the  Einstein  and  Toffaleti  methods, 
plus  others,  and  a  listing  of  complete  references 
can  be  found  in  the  Journal  of  the  Hydraulics 
Division  of  the  American  Society  of  Civil  Engi- 
neers, April  1971,  in  Paper  8076,  "Sediment 
Transportation  Mechanics:  Sediment  Discharge 
Formulas." 

Detention-Time  Method. — This  method  is  used 
to  predict  the  volume  of  sediment  passing 
through  a  series  of  run-of-the-river  reservoir 
projects.  It  is  based  upon  empirical  relationships 
between  the  detention  time  of  flows  passing 
through  the  reservoir  system  and  the  percentage 
of  sediment  deposited.  Detention  time  is  defined 
as  the  ratio  of  reservoir  storage  to  the  inflow 
discharge  at  any  given  time.  Curves  of  detention 
time  versus  percent  of  wash  load  and  bed-mate- 
rial load  deposited  are  developed  to  determine 
deposition-flow  through  volumes  for  incremental 
reaches.  As  the  reservoir  volume  is  depleted  by 
deposition,  the  detention  time  is  reduced  and  the 
yield  rate  per  unit  of  flow  increases.  Figure  13 
shows  a  typical  relationship  between  detention 
time  in  hours  and  percent  of  load  deposited  for  a 
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Figure  9. — Sediment  yields  during  urban  expansion. 


series  of  reservoirs.  Reference  details  for  this 
method  can  be  found  in  Dardanelle  Reservoir 
Design  Memorandum  No.  6,  Part  IV,  "Sedimen- 
tation," prepared  in  October  1957  by  the  Little 
Rock  District. 
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Figure  10. — Summation  of  total  sediment  yield  during 
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Figure  11. — Observed  sediment  yields,  land-resource  area  108. 
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Figure  13. — Dardanelle  lock  and  dam.  Detention  time  versus  percent  of  load  deposited. 


Hydraulic  Elements. — This  is  another  method 
for  determining  run-of-the-river  reservoir  yield 
rates.  Individual  reservoirs  are  divided  into 
reaches  and  hydraulic  elements  are  determined 
for  various  discharges  by  backwater  computa- 
tions. The  sediment  load  is  then  related  to  the 
velocity,  depth,  and  slope,  or  a  combination  of 
such  elements.  The  inflow-outflow  sediment 
loads  are  computed  on  a  step  procedure  from 
reach  to  reach  with  backwater  computations  re- 
peated as  necessary  to  obtain  new  hydraulic- 
element  values  as  deposits  accumulate  with  time. 
The  method  is  time-consuming,  but  permits 
recognition  of  the  individual  element  changes  or 
trends.  The  reference  for  this  method  is  the  same 
as  given  above  for  the  detention-time  method. 

Bank  Caving-Wash  Load  Yields. — This  is  an- 
other special  application  method  used  to  esti- 
mate the  excess  rate  of  bank  caving  over  bank 
building  relative  to  an  increase  in  the  wash  load 
being  transported.  It  applies,  again,  to  run-of- 
river  reservoirs  where  the  erosion  of  concave 
banks  in  bends  may  continue  at  the  natural  high 
flow  rates,  due  to  the  duration  of  artificial  bank 
full  stages  under  operating  conditions.  The 
change  in  the  bank  caving-bank  building  equi- 


librium produces  additional  wash  load  from 
channel  widening.  The  method  is  admittedly 
oversimplified  for  the  complex  phenomenon  of 
bank  caving,  but  it  offers  a  systematic  method 
of  recognizing  the  increase  in  wash  load  attribut- 
able to  bank  caving.  An  example  of  this  method 
is  given  in  figures  14  and  15.  Reference  details 
can  be  found  in  a  Supplement  to  Dardanelle  Res- 
ervoir Design  Memorandum  No.  6-4  prepared  by 
the  Little  Rock  District  in  January  1959. 

Sediment-Delivery  Ratio. — This  category  cov- 
ers both  the  sediment-delivery  and  sheet-erosion 
prediction  methods  developed  by  the  Department 
of  Agriculture.  The  application  of  these  methods 
to  Corps  projects  is  generally  limited  to  small 
watersheds  of  less  than  25  to  50  mi2.  The  Mus- 
grave  equation  is  probably  still  preferred  over 
the  universal  soil  loss  equation  for  smaller  drain- 
ages. However,  more  useful  are  the  various  em- 
pirical equations  developed  by  such  authors  as 
Anderson,  Barnes,  Brune,  Glymph,  Gottschalk, 
Heinemann.  Kohler,  Maner.  Piest,  and  others. 
The  following  sources  provide  procedural  details 
for  these  methods:  "Studies  of  Sediment  Yields 
From  Watersheds."  by  Louis  Glymph,  and  "Sedi- 
ment Sources  and  Sediment  Yields,"  prepared 
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Keystone  to  Verdigris  River 
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Figure  14. — Wash  load  from  bank  caving. 


by  Robert  F.  Piest  as  chapter  IV  of  the  American 
Society  of  Civil  Engineers  "Manual  on  Sedimen- 
tation Engineering,"  and  published  as  paper 
7337  in  the  Journal  of  the  Hydraulics  Division, 
June  1970. 

Taihvater  Degradation. — Several  methods  are 
included  in  this  grouping.  Their  principle  func- 
tion is  to  predict  degradation  trends;  but,  as  part 
of  the  computational  procedure,  sediment-yield 
values  for  the  degrading  reach  are  developed. 
Factors  considered  in  their  application  include 
composition  of  the  bed  material  and  its  coarsen- 


ing with  time,  the  magnitude  of  future  flows  and 
changes  in  flow  characteristics  such  as  channel 
shape,  depths,  velocity,  and  slope.  Three  common 
methods  include  use  of  the  Einstein  bedload 
function  for  sediment  transport,  use  of  the 
Kalinske  formula  to  compute  bedload  plus  the 
development  of  relationships  between  natural 
and  modified  bed-material  load  transport  as  deg- 
radation progresses,  and  determination  of  the 
thickness  of  an  armor  layer  and  the  depth  of 
scour  at  which  this  layer  would  form.  This  last 
technique  assumes  degradation  would  cease 
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when  a  layer  of  "nonmoving"  particles  forms  a 
sufficient  armor  to  prevent  the  effective  wash- 
ing of  finer  particles  from  the  underlying  bed 
material.  Procedural  details  on  these  methods 
can  be  found  in  a  paper  on  "Sedimentation 

FUTURE 

During  the  past  decade  a  shift  in  emphasis 
-  has  taken  place  within  the  Corps  regarding  the 
need  for  sediment-yield  predictions.  Until  the 
mid-1950's,  sediment  was  viewed  primarily  as  a 
malignant  growth  that  reduced  the  effectiveness 
of  reservoirs,  floodways,  navigation  channels, 
and  harbors.  This  was  also  the  period  of  "big 
dam"  planning  and  construction,  in  which  sedi- 
ment depletion  rates  played  a  relatively  minor 
role  in  design  because  of  the  voluminous  storage 
allotted  for  multiple-purpose  use.  The  need  for 
sediment-yield  predictions  for  large  drainage 
areas  has  essentially  vanished.  As  an  indication, 
about  15  years  ago  the  Corps  was  operating  135 
sediment  load  stations  of  which  43  pet  had  drain- 
age areas  greater  than  5,000  mi2,  27  pet  were  in 
the  500-5,000  range,  and  30  pet  were  less  than 
500  mi2.  At  present  the  number  of  stations  has 
doubled,  with  a  shift  to  a  percentage  ratio  of 
25:37:38.  Almost  half  of  the  active  stations  are 
operated  for  planning  or  design  purposes.  For 
example,  during  1969  the  Corps  had  under  con- 
struction 23  reservoir  projects  for  hydroelectric 
power  and  flood  control,  64  for  flood  control  and 
multipurpose  use,  and  84  local  flood-control  pro- 
tection projects.  Now,  emphasis  seems  to  be  foc- 
used on  projects  with  sediment-contributing 
drainages  that  generally  vary  within  the  500-  to 
2,500-mi2  range.  But  if  our  prediction  approach 
is  to  continue  on  an  empirical  basis,  long-term 
data  records  for  drainage  areas  within  this 
bracket  are  inadequate,  particularly  for  reser- 
voir survey  data.  It  is  estimated  that  there  are 
some  28,000  reservoirs  in  the  United  States,  yet 
we  have  sediment  yield  records  on  only  4  pet.  But 
more  significant  is  the  fact  that  of  the  1,200  indi- 
vidual reservoirs  listed  in  the  1965  summary  of 
reservoir  survey  data,  80  pet  of  the  documented 
record  ranges  below  50  mi2  and  90  pet  below  500 
mi2.  It  is  apparent  that,  figuratively  speaking, 
a  scarcity  of  data  exists  in  the  no-man's  land  that 
is  bracketed  with  voluminous  SCS  records  on  the 
low  side  and  adequate  Corps,  USBR,  and  TVA 
experience  on  the  high  side.  In  essence,  the  basis 
for  future  Corps  yield  predictions  by  empirical 
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Studies  for  Robert  S.  Kerr  Lock  and  Dam, 
Arkansas  River  Basin,"  by  Howard  O.  Reese, 
published  in  the  Hydrologic  Engineering  Center 
"Proceedings  of  a  Seminar  on  Sediment  Trans- 
port in  Rivers  and  Reservoirs,"  April  1970. 

NEEDS 

methods  will  be  somewhat  handicapped  until 
data  records  within  this  bracket  are  expanded  by 
measurements  or  enhanced  by  correlation  tech- 
niques. 

Today,  the  dirty  word  "sediment"  has  dual 
connotations;  it  must  now  be  recognized  from 
both  a  beneficial  and  detrimental  point  of  view. 
On  one  hand,  sediments  rank  as  a  major  cause  of 
water  pollution,  but  on  the  other  hand,  they  play 
a  dominating  role  in  water  quality  control  due  to 
their  assimilation  capabilities.  Apparently  they 
also  serve  similar  dual  roles  as  catalytic  or  trans- 
porting agents  in  physical,  chemical,  or  biologi- 
cal processes.  With  the  current  focus  of  Corps  ac- 
tivities in  areas  of  environmental  control,  urban 
development  or  expansion,  and  waste-water 
management,  the  recognition  of  such  aspects  is 
receiving  prime  attention  in  planning  and  de- 
sign. But  unanswered  questions  continue  to  out- 
number even  qualified  answers.  There  is  an  un- 
questionable need  for  further  amplification  of 
key  sedimentation  influences  in  certain  environ- 
mental processes  before  proceeding  with  detailed 
planning  and  design  applications. 

The  immediate  needs  of  the  Corps  of  Engi- 
neers in  expansion  of  sediment-yield  prediction 
methods  will  probably  be  focused  along  two 
major  channels — definition  of  empirical  rela- 
tionships for  drainage  areas  of  moderate  size, 
and  establishment  of  the  role  sediments  play  in 
the  complex  environmental  process.  Computer- 
oriented  methods  for  mathematical  simulations 
and  modeling  will  undoubtedly  play  a  key  role  in 
the  solution  of  some  of  these  problems.  Past  ex- 
perience however,  has  clearly  demonstrated  that 
one  or  two  standard  methods  or  universal  equa- 
tions, regardless  of  their  complexity,  will  not 
meet  the  diverse  needs  of  modern-day  engineer- 
ing, planning,  and  design.  For  this  reason,  we 
will  continue  to  concentrate  our  efforts  along  the 
lines  of  practical  needs  to  resolve  particular 
problems.  But  in  doing  so,  we  intend  also  to  con- 
tinue our  policy  of  improving  available  methods 
and  techniques,  regardless  of  their  degree  of  so- 
phistication, as  the  problems  warrant. 


USE  OF  EROSION  EQUATIONS  AND 
SEDIMENT-DELIVERY  RATIOS 
FOR  PREDICTING  SEDIMENT  YIELD 


By  Graham  W.  Renfro1 


INTRODUCTION 


The  Soil  Conservation  Service,  under  several 
Congressional  authorities,  conducts  a  wide  vari- 
ety of  surveys  and  investigations  through  water- 
shed protection,  flood  prevention,  and  other  asso- 
ciated programs.  Various  types  of  sedimentation 
studies  are  necessary,  as  part  of  these  investiga- 
tions, in  order  to  formulate  projects  and  to  de- 
velop watershed  and  other  project  plans.  Among 
the  most  important  of  these  studies  is  the  devel- 


opment of  sediment-yield  estimates,  for  both 
without-project  and  with-project  conditions. 
Sediment-yield  information  is  used  for  many 
purposes,  including  determination  of  sediment 
damage,  allocation  of  sediment  storage  in  reser- 
voirs and  debris  basins,  development  of  control 
measures,  and  determination  of  benefits  realized 
by  reduction  in  yields. 


GROSS  EROSION 


In  determining  average  annual  sediment  yield 
by  use  of  delivery-ratio  curves,  the  first  step  is 
to  determine  the  average  annual  gross  erosion, 
from  all  sources,  in  the  watershed  area  above  the 
point  where  the  yield  estimate  is  needed  (such  as 
a  proposed  floodwater-retarding  structure) . 

Some  or  all  of  the  types  of  erosion  that  may 
be  important  in  the  study  of  such  a  watershed  are 
sheet  and  rill  erosion,  gully  erosion,  streambank 
erosion,  flood-plain  scour,  road  and  roadside  ero- 
sion, and  erosion  from  mine  wastes,  industrial 
areas  and  construction  sites. 

Sheet  Erosion 

There  are  several  different  methods  of  com- 
puting the  amount  of  sheet  erosion.  These  were 
developed  primarily  to  determine  the  amount  of 
soil  lost  from  the  field  (erosion),  and  conse- 
quently they  do  not  express  sediment  yield  with- 
out due  consideration  to  the  processes  of  entrain- 
ment  and  transport. 

Measurements  of  soil  loss  from  experimental 
plots  on  different  soils,  slopes,  and  with  different 
climatic  conditions  and  rainfall  patterns  under 
different  kinds  and  combinations  of  land  use 


were  summarized  by  C.  W.  Musgrave  and  asso- 
ciates, Soil  Conservation  Service,  in  1949  (5). 2 
Measurements  were  available  from  19  research 
stations  and  covered  periods  of  from  5  to  15 
years.  From  the  study  and  evaluation  of  these 
data,  it  was  determined  that  the  rate  of  sheet 
erosion  is  related  to  a  number  of  major  factors 
and  that  certain  relationships  exist  between 
these  factors.  An  empirical  formula  was  devel- 
oped: 

E  =  F(R/100)  (S/10)1-35(L/72.6)0-3^,30/1.25)1-75, 

where    £"=the  probable  soil  loss,  in  tons  per 
acre  per  year, 
F=a  soil  factor,  based  upon  the  erodibil- 
ity  of  the  soil  and  other  physical  fac- 
tors, 

R=a  cover  factor,  which  may  be  the 

product  of  several  factors  related  to 

the  use  of  the  land, 
S=the  steepness  of  slope,  in  percent 

(with  10  pet  as  the  base) , 
L=the  slope  length,  in  feet  (with  72.6 

ft  as  the  base) , 


1  Geologist,  Soil  Conservation  Service,  U.S. 
ment  of  Agriculture  (deceased) . 


Depart- 


2  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 
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and  P=the  rainfall.  The  amount  used  is  the 
maximum  30-min  rainfall  expected 
in  the  locality  from  a  2-yr  frequency, 
in  inches. 

The  above  equation,  referred  to  as  the  Mus- 
grave  equation,  has  been  used  by  the  Soil  Con- 
servation Service  to  estimate  sheet  erosion  for 
several  years.  The  ratios  shown  for  the  factors 
vary  for  different  sections  of  the  United  States. 

A  modification  of  the  Musgrave  equation  was 
used  by  Beer,  Farnham,  and  Heinemann  in  a 
study  of  sediment  yields  in  western  Iowa  (1) .  A 
limited  use  has  been  made  of  this  equation,  which 
is 

E  =  0.59(KR/150)P(R/100)  (S/10) 135  (L/72.6)  o-as, 

where  E=the  average  annual  soil  loss,  in 
inches  per  year, 
KR=the  product  of  the  soil  erodibility 
factor  and  the  rainfall  factor  from 
the  universal  soil  loss  equation, 
P=the  supporting  conservation  prac- 
tice factor  from  the  universal 
equation, 

P=the  cover  factor  (fallow  or  con- 
tinuous row  crop  equal  100) , 

5=the  degree  of  land  slope,  in  percent 
(with  10  pet  as  the  base) , 

L=the  length  of  land  slope,  in  feet 
(with  72.6  ft  as  the  base) , 
and  150  and  0.59  are  constants  for  annual 
soil  loss  in  tons  and  for  the  crop- 
ping factor  for  continuous  row 
crop  (universal)  respectively. 

Another  modification  of  the  Musgrave  equa- 
tion, which  has  been  extensively  used  by  the  Soil 
Conservation  Service,  substitutes  the  K  and  R 
factors  from  the  universal  soil  loss  equation  for 
the  F  and  P  factors  of  Musgrave.  This  equation 
is 

E  =  KCR  (S/10)  i-35  (L/72.6)  ° 

where    JE'=sheet  erosion,  tons  per  year, 

X=soil  erodibility  factor, 

C=cover  factor, 

P=rainfall  factor, 

S=land  slope,  in  percent, 
and       L=length  of  slope,  in  feet. 

The  universal  soil  loss  equation  (10)  has  been 
used  for  several  years  by  the  SCS  in  the  Conser- 
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vation  Operations  Program,  where  its  applica- 
tion was  limited  to  predicting  soil  loss  on  culti- 
vated land.  It  has  not  been  used  in  watershed 
studies  because  factors  reflecting  the  effect  of 
cover  on  pasture,  range,  and  forest  land  had  not 
been  developed.  Cover  factors  for  these  land 
uses  have  recently  been  developed,  and  the  equa- 
tion can  now  be  utilized  in  watershed,  river 
basin,  and  resource  conservation  and  develop- 
ment project  investigations  (9). 
The  universal  soil  loss  equation  is 

A=RKLSCP 

where  A=is  the  computed  soil  loss  per  unit 
area, 

P=the  rainfall  factor,  the  number  of 
erosion-index  units  in  a  normal 
year's  rain  (the  erosion  index  is  a 
measure  of  the  erosive  force  of  spe- 
cific rainfall) , 

K=the  soil-erodibility  factor,  the  ero- 
sion rate  per  unit  of  erosion  index 
for  a  specific  soil  in  cultivated  con- 
tinuous fallow,  on  a  9-pct  slope  72.6 
ft  long, 

L=the  slope-length  factor,  the  ratio  of 
soil  loss  from  the  field  slope  length 
to  that  from  a  72.6-ft  length  on  the 
same  soil  type  and  gradient, 

S=the  slope-gradient  factor,  the  ratio 
of  soil  loss  from  the  field  gradient  to 
that  from  a  9-pct  slope, 

C=the  cropping-management  factor, 
the  ratio  of  soil  loss  from  a  field 
with  specified  cropping  and  man- 
agement to  that  from  the  fallow 
condition  on  which  the  factor  K  is 
evaluated, 

and  P=the  erosion-control  practice  factor, 
the  ratio  of  soil  loss  with  contouring, 
stripcropping,  or  terracing  to  that 
with  straight-row  farming,  up-and- 
down  slope. 

Channel  Erosion 

Although  universally  accepted  equations  for 
estimating  channel  erosion  have  not  been  devel- 
oped, there  are  various  ways  and  means  for  esti- 
mating average  annual  soil  loss  from  this  source. 
Channel  erosion  includes  gully  erosion,  stream- 
bank  erosion,  valley  trenching,  streambed  deg- 
radation, and  flood  plain  scour.  In  many  water- 


sheds  these  sources  are  much  more  significant 
than  sheet  erosion  as  a  source  of  sediment. 

In  watersheds  investigated  by  SCS  there  are 
usually  two,  and  often  three,  sets  of  aerial  photo- 
graphs available,  with  several  years  between 
coverages.  With  these  photographs  it  is  often 
possible  to  measure  channel  enlargement  from 
gullies  or  streambanks  and  arrive  at  average  an- 
nual rates  of  soil  loss. 

If  only  one  flight  is  made,  the  rate  can  be  de- 
termined by  ground  measurements  to  the  cut- 
ting edge  of  the  bank  from  carefully  identified 
points  on  the  photos  and  on  the  ground.  The  line 
measured  on  the  ground  is  a  straight  line  be- 
tween two  identifiable  points,  one  left  and  one 
right  of  the  channel.  This  permits  an  exact  recti- 
fication of  the  photographic  scale  on  this  line. 

Other  Erosion  Sources 

Soil  loss  rates  from  mine  wastes,  construction 
activities,  roads,  gravel  pits,  and  related  sources 
are  problems  commonly  encountered,  but  with 


no  common  solution.  Many  roads  and  skid  trails 
can  be  cross-sectioned  and  the  volume  of  erosion 
to  date  determined.  If  the  history  of  that  stretch 
of  road  is  known  and  the  extent  of  the  cut  in- 
volved in  construction  is  determined,  the  gross 
amount  of  erosion,  to  date,  can  be  determined. 
Average  annual  amounts  can  then  be  estimated. 

Areas  involved  in  housing  developments, 
superhighways,  airports,  strip  mining,  and  other 
activities  are  given  independent  consideration. 
The  amount  of  sediment  produced  is  usually  esti- 
mated by  the  geologist,  in  consultation  with  the 
others  on  the  planning  party,  as  well  as  by  the 
engineers  in  charge  of  the  development.  Many  of 
these  sources  are  short  lived  and  have  little  in- 
fluence upon  a  long-range  watershed  program. 
On  the  other  hand,  many  areas  are  being  convert- 
ed from  agricultural  to  urban  use,  and  the  effect 
of  this  conversion  upon  soil  loss  and  sediment 
yield,  as  well  as  hydraulic  characteristics  of  the 
watershed,  must  be  recognized. 


Sediment  yield  is  dependent  on  gross  erosion 
in  the  watershed  and  on  the  transport  of  eroded 
material  out  of  the  watershed.  Only  a  part  of  the 
materials  eroded  from  upland  areas  in  a  water- 
shed is  carried  out  of  the  watershed.  Varying 
proportions  of  the  eroded  materials  are  deposited 


SEDIMENT  YIELD 

as  colluvium  at  the  base  of  slopes  and  in  swales 
or,  as  alluvium  in  natural  or  artificial  lakes,  on 
flood  plains  and  in  channels  within  the  water- 
shed. Therefore  the  magnitude  of  yield  usually 
varies  for  different  parts  of  a  watershed. 

SEDIMENT-DELIVERY  RATIOS 


The  determination  of  the  sediment-delivery 
ratio  is  of  primary  importance  to  the  investi- 
gator in  order  that  he  may  provide  realistic  esti- 
mates of  total  sediment  yield  based  on  computed 
gross  erosion.  A  characteristic  relationship  of 
sediment  yield  to  erosion  alone  apparently  does 
not  exist.  Many  factors  influence  the  sediment- 
delivery  ratio,  and  unless  all  of  these  factors  are 
uniform  from  watershed  to  watershed,  the  rela- 
tion of  sediment  yield  to  erosion  shows  consider- 
able variation. 

Factors  Influencing  Sediment-Delivery  Ratios 

Variations  in  sediment-delivery  ratios  are  de- 
pendent on  some  or  all  of  the  following  influ- 
ences and  there  may  be  others  not  yet  identified. 

Sediment  Source. — The  sediment  source  af- 
fects the  sediment-delivery  ratio.  Channel  ero- 
sion produces  sediment  that  is  immediately  avail- 
able to  the  transport  system,  and  much  of  it  tends 


to  remain  in  motion  as  suspended  sediment  or 
bedload.  Materials  derived  from  sheet  erosion, 
however,  often  move  only  short  distances  and 
may  lodge  in  areas  remote  from  the  transport 
system.  They  may  remain  in  the  same  fields  in 
which  they  originated  or  be  deposited  on  more 
level  slopes  as  colluvium. 

Magnitude  and  Proximity  of  Sediment  Source. 
— Another  factor  that  will  affect  the  sediment- 
delivery  ratio  is  the  quantity  of  sediment  avail- 
able from  a  sediment  source  and  the  proximity 
of  the  source  to  streamf  low.  For  example,  a  large 
amount  of  material  is  available  from  severe  ero- 
sion in  an  area  remote  from  the  stream,  but  its 
delivery  ratio  is  less  than  that  of  a  smaller 
amount  of  material  made  available  by  moderate 
erosion  close  to  the  stream.  When  the  amount  of 
sediment  available  for  transport  exceeds  the 
capability  of  the  transporting  system,  deposition 
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occurs  and  the  sediment-delivery  ratio  is  de- 
creased. 

Transport  System. — Runoff  resulting  from 
rainfall  and  snowmelt  is  the  chief  agent  for 
transporting  eroded  material.  The  ability  to 
transport  sediment  is  dependent  on  the  velocity 
and  volume  of  water  discharge  as  well  as  the 
amount  and  character  of  the  material  supplied 
to  it.  The  frequency  and  duration  of  discharges 
affect  the  total  volume  of  sediment  transport. 
The  extent  and  condition  of  a  stream  system 
have  considerable  bearing  on  the  amount  of  sedi- 
ment it  can  transport.  A  system  with  a  high 
channel  density  has  the  greatest  opportunity  to 
transport  eroded  materials  from  the  area  and 
should  indicate  a  high  sediment-delivery  ratio. 
The  condition  of  the  channels — clogged  or  open, 
meandering  or  straight — influences  velocity  and 
consequently  the  delivery  ratio.  High  stream 
gradients  are  generally  associated  with  steep 
slopes  and  high  relief  and  provide  efficient  trans- 
port of  eroded  material.  The  converse  is  true  for 
low  stream  gradients. 

Texture  of  Eroded  Material. — The  texture  of 
the  eroded  material  also  influences  sediment-de- 
livery ratios.  If  the  eroded  material  is  sand,  effi- 
cient transport  systems  and  relatively  high 
velocities  are  necessary  to  transport  it.  Much  of 
the  eroded  material  of  this  type  is  deposited  in 
the  upstream  areas  when  a  significant  drop  in 
velocity  occurs.  Usually,  it  becomes  a  part  of  the 
sediment  load  only  when  the  source  areas  are 
adjacent  to  an  efficient  transport  system.  Tf  the 
material  consists  of  fine  silt  and  clay,  it  prob- 
ably will  stay  in  suspension  in  continuous  flow, 
and  a  large  portion  will  be  delivered  to  a  down- 
stream point.  Some  of  the  coarser  particles  of  the 
generally  fine-grained  material  maybe  deposited 
as  colluvium  prior  to  reaching  the  transport  sys- 
tem. Often  the  larger  grain-size  materials  are 
made  available  for  transport  by  channel  erosion 
while  the  silts  and  clays  are  generally  made  avail- 
able by  sheet  erosion. 

Depositional  Areas. — Sometimes  deposition 
occurs  at  the  foot  of  upland  slopes,  along  the 
edges  of  larger  valleys,  in  valley  flats,  in  and 
along  main  stream  channels,  and  at  the  heads  of 
and  in  reservoirs,  lakes,  and  ponds.  Such  deposi- 
tion within  a  watershed  will  decrease  the  amount 
of  sediment  delivered  at  downstream  points. 

Watershed  Characteristics. — An  important 
characteristic  of  a  watershed  is  the  size  of  the 
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drainage  area;  its  topography  also  influences 
sediment-delivery  ratios.  The  shape  of  land  sur- 
face is  an  inherent  feature  of  the  physiographic 
section  in  which  the  watershed  is  located.  Slope 
is  a  major  factor  affecting  rates  of  onsite  source 
erosion.  High  relief  is  often  indicative  of  high 
sediment-delivery  ratios.  The  relief -length  ratio 
(R/L)  apparently  has  a  great  effect  on  the  sedi- 
ment-delivery ratio.  For  use  in  the  R/L  ratio, 
the  relief,  measured  in  feet,  is  defined  as  the 
difference  in  elevation  between  the  average  ele- 
vation of  the  watershed  divide  at  the  headwaters 
of  the  main  stem  drainage  and  elevation  of  the 
streambed  at  the  point  of  sediment-yield  meas- 
urement. Length  is  defined  as  the  maximum  val- 
ley length,  in  feet,  measured  essentially  parallel 
to  the  main  stem  drainage  from  the  point  of  yield 
measurement  to  the  watershed  divide.  The  shape 
of  a  watershed  will  affect  the  sediment-delivery 
ratio  to  some  degree.  Channel  density  also  bears 
a  relationship  to  the  sediment-delivery  ratio,  but 
studies  to  date  show  that,  in  any  given  land-re- 
source area,  channel  density  and  topography  are 
closely  related. 

Procedures  for  Estimating 
Sediment-Delivery  Ratios 

To  determine  an  average  sediment-delivery 
ratio,  the  magnitude  of  the  sediment  yield  at  a 
given  point  in  a  watershed  and  the  total  amount 
of  erosion  must  be  known.  Where  such  informa- 
tion is  available,  the  determination  of  the  sedi- 
ment-delivery ratio  is  a  simple  matter.  However, 
measured  data  of  both  required  items  are  not 
available  in  most  small  watersheds. 

The  gross  erosion  in  a  watershed  can  be  esti- 
mated with  standard  SCS  procedures.  Sediment 
yield  can  be  determined  by  reservoir  sedimenta- 
tion surveys  or  by  a  program  of  sediment-load 
measurements. 

Reservoirs  frequently  are  not  located  at  the 
points  where  sediment  yields  are  needed,  and  a 
program  of  sediment-load  sampling  may  be  a 
long  and  expensive  procedure.  However,  if  the 
ratio  of  known  sediment  yield  and  erosion  with- 
in a  homogeneous  area  can  be  analyzed  in  con- 
junction with  some  measurable  influencing  fac- 
tor, such  data  can  be  used  to  predict  or  estimate 
sediment-delivery  ratios  for  similar  areas  for 
which  measured  data  are  lacking. 

In  a  given  physiographic  area,  finding  meas- 
urable influencing  factors  that  can  be  definitely 


related  to  sediment-delivery  ratios  is  the  goal 
of  any  delivery-ratio  analysis.  As  pointed  out  in 
the  preceding  discussion,  there  are  many  factors 
that  may  influence  sediment-delivery  ratios. 
Some  are  more  pronounced  in  their  effect  than 
others.  Some  lend  themselves  to  quantitative  ex- 
pression whereas  others  do  not. 

An  effective  means  of  developing  information 
for  use  in  estimating  sediment-delivery  ratios  is 
by  statistical  analysis  using  the  sediment-deliv- 
ery ratio  as  a  dependent  variable  and  measurable 
watershed  factors  as  the  independent,  or  control- 
ling, variables.  In  such  an  analysis,  quantitative 
data  concerning  sediment  yields,  erosion,  and 
measurable  watershed  factors  must  be  available. 
Reservoir  sedimentation  surveys  afford  a  source 
of  sediment-yield  data.  Erosion  information  can 
be  developed  as  previously  mentioned,  and  water- 
shed factors  can  be  determined  from  available 
maps  or  by  field  surveys.  These  data  can  be  ana- 
lyzed to  develop  a  means  for  estimating  sedi- 
ment-delivery ratios  for  similar  areas. 


An  analysis  of  data  obtained  from  several 
studies  is  presented  in  figure  1  (2,  3,  4,  6,  7) . 
This  general  curve  is  based  on  data  that  indicate 
a  wide  variation  in  sediment-delivery  ratios  for 
any  given  drainage  area  size.  This  analysis  of 
data  from  widely  scattered  areas  does,  however, 
show  that  there  evidently  is  some  similarity  in 
the  sediment-delivery  ratios  throughout  the 
country  and  that,  roughly,  they  vary  inversely  as 
the  0.2  power  of  the  drainage  area.  Estmates  of 
sediment-delivery  ratios  can  be  made  through 
the  use  of  figure  1,  but  any  such  estimate  should 
be  tempered  with  judgment  and  consideration  of 
other  influencing  factors  such  as  texture,  relief, 
type  of  erosion,  the  sediment-transport  system, 
and  areas  of  deposition  within  the  drainage 
area.  As  an  example,  when  the  texture  of  the  up- 
land soils  is  essentially  silt  or  clay,  the  sediment- 
delivery  ratio  (percent  of  erosion)  may  be  high- 
er than  indicated  in  figure  1;  and  when  the  soil 
texture  is  coarse,  the  sediment-delivery  ratio 
may  be  lower  than  shown. 


BLACKLAND  PRAIRIE  STUDY 


Somewhat  more  refined  sediment-delivery 
ratio-drainage  area  relationships  have  been  de- 
veloped for  individual  physiographic  areas.  One 
of  these  is  the  Blackland  Prairie  in  Texas  (4). 
For  this  study  annual  sediment  yield  data  were 
available  from  14  watersheds  ranging  in  size 
from  0.43  to  97.4  mi2.  Sediment-yield  values  for 
the  sample  watersheds  were  established  by  ad- 
justing measured  reservoir  sediment  deposition 
for  reservoir  trap  efficiency  and  sediment  densi- 
ties. 

Watershed  Studies 

Annual  gross  erosion  estimates  were  made 
separately,  computing  the  amount  derived  from 
sheet,  channel,  and  gully  eroson.  The  average  an- 
nual quantity  of  material  derived  from  channel 
and  gully  erosion  was  determined  by  estimating 
the  annual  increase  in  void  area  (expressed  as 
volume)  for  all  channels  and  gullies.  Annual 
sheet  erosion  rates  were  computed  by  the  Mus- 
grave  equation  (5).  Detailed  studies  were  made 
of  the  watershed  above  each  reservoir  to  obtain 
quantitative  data  on  physical  characteristics 
which  were  thought  to  influence  downstream  de- 
livery of  eroded  material.  The  variables  studied 
were  watershed  area,  channel  density,  main- 
stem  channel  length,  relief-length  ratio,  and 


watershed  relief  and  various  combinations  of 
these  variables.  Values  for  the  variables  used  in 
the  study  are  shown  in  table  1. 

Analysis  of  Data 

Regression  analyses  were  used  to  establish 
mathematical  relationships  between  the  depend- 
ent variable,  sediment-delivery  ratio,  and  vari- 
ous independent  variables  selected  for  testing  in 
this  study. 

Scatter-diagram  plots  of  sediment-delivery 
ratio  against  the  various  independent 'variables 
indicated  a  definite  departure  from  linearity  in 
most  cases.  Similar  plots  on  logarithmic  paper 
indicated  that  the  relationship  between  sedi- 
ment-delivery ratio  and  various  physical  charac- 
teristics of  the  sample  watersheds  is  exponential 
in  form.  Therefore,  the  numerical  values  of  all 
variables  were  transformed  to  logarithms  for 
use  in  the  analyses. 

Comparison  of  the  log-log  plots  indicated  wa- 
tershed area  to  be  a  slightly  better  indicator  of 
sediment-delivery  ratio  than  the  other  variables 
tested.  A  nonlinear  correlation  between  water- 
shed area  and  sediment-delivery  ratio  was  com- 
puted to  obtain  the  regression  equation: 

log  DR  =  1.87680  -0.14191  log  10A, 


37 


Table  1. — Basic  data,  used  in  sediment-deliverv  ratio  ttudu  TiJarklnnd  Pvnjrip?  Tpv 

Reservoir 

Watershed 

Delivery 
ratio 

Relief 

Relief- 

Main-stem 

Channel 

P.Vi  q  nnpl 

lit LlllLLl 

area1 

length 

length 

length2 

density 

(mi2) 

ratio 

(ft) 

(mi) 

(mi/mi2) 

67 

75 

0.01420 

5,281 

1.8 

4.18 

 51 

61 

100 

.01262 

7,920 

1.5 

2.94 

 54 

51 

46 

.00639 

7,200 

1.6 

2.96 

Dawson  City  Lake  

  1.07 

53 

60 

.00789 

7,600 

3.4 

3.18 

Lower  Beaton  Lake  

  1.26 

54 

77 

.00898 

8,571 

2.9 

2.30 

Floodwater  retarding  structure 

No.  12  (Honey  Creek) 

  1.26 

53 

85 

.00805 

10,560 

3.0 

2.38 

Lake  Gibbons   , 

  1.26 

52 

83 

.00898 

9,240 

4.0 

3.17 

Floodwater  retarding  structure 

No.  11  (Honey  Creek) 

  1.93 

52 

71 

.00806 

8,810 

5.0 

2.59 

Ennis  City  Lake  

  2.89 

47 

78 

.00591 

13,200 

5.5 

1.90 

Floodwater  retarding  structure 

No.  4  (Cow  Bayou) 

  5.20 

41 

150 

.00810 

18,500 

9.0 

1.73 

Lake  Halbert  

  8.31 

42 

123 

.00388 

31,680 

14.1 

1.70 

Terrell  City  Lake  

  8.71 

38 

85 

.00310 

27,456 

12.0 

1.38 

 49.60 

35 

163 

.00247 

66,000 

48.0 

.97 

White  Rock  Lake  

 97.40 

26 

298 

.00230 

129,560 

60.0 

.62 

1  Excluding  the  reservoir  area.    2  All  channels. 


where  D.R=estimated  sediment-delivery  ratio, 
in  percent  of  annual  erosion, 

and  A = sediment-contributing  area,  in 
square  miles. 

The  standard  error  of  estimate  of  this  equation 
is  ±0.03007  log  units  and  the  coefficient  of  curvi- 
linear correlation  is  0.96,  which  expresses  a  92- 
pct  account  of  the  variations  between  watersheds 
in  sediment-delivery  ratios.  The  empirical  rela- 
tionship of  sediment-delivery  ratio  to  watershed 
area  is  presented  in  the  form  of  the  delivery- 
ratio  curve  in  figure  2. 

Subsequent  testing  of  other  independent  vari- 
ables, individually  and  in  association  with  each 
other,  failed  to  improve  the  equation  shown 
above.  However,  channel  density  (feet  of  channel 
per  square  mile  of  watershed) .  relief-length  ratio 
(height  of  watershed  in  feet  divided  by  length  of 
watershed  in  feet,  with  length  measured  essen- 
tially parallel  to  the  main-stem  channel) ,  and 
main-stem  channel  length  (in  feet)  were  found 
to  be  significant  indicators  of  watershed  sedi- 
ment-delivery ratio. 

The  results  of  four  correlations  in  terms  of 
correlation  coefficient,  proportion  of  explained 
variation  in  delivery  ratios  attributable  to  each 
independent  variable  or  combinations  of  vari- 
ables, and  the  relative  importance  of  each  corre- 


lation in  explaining  variations  in  sediment-de- 
livery ratios  are  presented  in  table  2. 

Characteristics  of  Watershed  Area  Variable 

A  study  of  the  characteristics  of  the  size  of 
watershed  variable,  when  used  in  a  regression 
analysis  with  sediment-delivery  ratio,  showed 
that  the  net  influence  of  several  watershed  fac- 
tors is  represented  in  the  derived  equation  for 
estimating  sediment-delivery  ratio.  For  example, 
log-log  plots  revealed  that  watershed  size  is  sig- 
nificantly related  to  the  following  measurable 
characteristics  of  the  sample  watersheds:  (1) 
Length  of  all  channels:  In  this  relatively  homo- 
geneous area,  total  channel  length  was  found  to 
increase  with  an  increase  in  size  of  watershed. 
(2)  Channel  density:  In  contrast  to  the  large 
watersheds,  small  watersheds  are  found  to  have 
more  linear  feet  of  channel  per  unit  of  area.  (3) 
Main-stem  channel  length:  The  length  of  a  main- 
stem  channel  is  directly  related  to  the  area  of  the 
watershed  it  serves.  (4)  Relief:  Total  relief  in- 
creases with  increasing  watershed  size.  (5)  Re- 
lief-length ratio:  Large  watersheds  usually  have 
lower  relief-length  ratio  values  than  smaller 
watersheds  in  the  same  area.  (6)  Alluvial  soils 
area:  In  contrast  to  small  watersheds,  larger  wa- 
tersheds have  a  greater  proportion  of  their  total 
area  in  alluvial  soils,  indicating  an  inverse  rela- 
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Table  2. — Results  of  correlation  analyses:  Dependent  variable, 
sediment-delivery  ratio 


Correlation      Proportion  of  Explained 
Independent  coefficient         explained  variation 

variable  R  variation  A*  index 

Watershed  area   mi2---.    0.96  92  1.00 

Channel  density   mi/mi2  95  90  .98 

Main-stem  channel 

length   ft  94  88  .95 

Relief-length  ratio  92  84  .91 

tionship  between  watershed  area  and  down-  function  of  several  watershed  characteristics, 

stream  delivery  of  erosional  material.  These  are  related  to  and  apparently  are  ade- 

It  was  concluded  that  sediment-delivery  ratio  quately  expressed  by  the  watershed  area  vari- 

in  the  Blackland  Prairie  Land  Resource  Area  is  a  able. 

RED  HILLS  STUDY 

Another  study  led  to  the  development  of  a  sedi-  curvilinear  correlation  is  0.987,  indicating  a 

ment-delivery  ratio  curve  for  the  Red  Hills  highly  significant  correlation  between  these  two 

physiographic  area  in  Oklahoma  and  Texas  (3) .  variables. 

This  area  is  also  referred  to  as  the  Rolling  Red  „      r  T        ,   „    .  ^ 

Plains  Land  Resource  Area  by  SCS.  Relief -Length  Ratio  Computation 

The  relief -length  ratio  is  computed  by  the  f  ol- 
Analysis  of  Data  lowing  procedure.  Measure  maximum  length  of 
This  method  was  developed  from  results  of  the  watershed,  essentially  parallel  to  the  main- 
statistical  analyses  of  25  records  of  watershed  stem  drainage,  from  the  damsite  to  the  water- 
sediment-delivery  rates  and  factors  affecting  shed  divide.  If  more  than  one  mam  dram  empties 
sediment-delivery  rates  in  the  Rolling  Red  directly  into  the  reservoir,  measure  the  length  of 
Plains  Land  Resource  Area  and  is  based  on  the  each  drain  and  use  the  average  as  length  of  the 
curvilinear  relationship  between  relief-length  watershed.  From  U.S.  Geological  Survey  topo- 
(R/L)  ratio  and  sediment-delivery  ratio.  The  de-  ^aPhic  maPs  or  other  topographic  information 
livery-ratio  curve  (fig.  3)  was  computed  from  estimate  the  watershed  relief,  defined  as  the  dif- 
the  curvilinear  regression  equation  f erence  in  f eet  between  the  elevation  of  the  wa- 
tershed divide  at  the  headwaters  of  the  mam 
log  DRe  =  2.94259- 0.82362  colog  (R/L)  ratio,  gtem  or  gtems  and  streambed  elevation  at  the 

damsite.  Divide  watershed  relief  by  the  maxi- 
where     Dtf  e=estimated    sediment-delivery        mum  }ength  of  watershed>  in  feet,  to  determine 
rate,  in  percent  of  annual  gross      the  relief .length  ratio. 

erosion,  To  determine  the  watershed  sediment-delivery 

and       #/L=relief -length  ratio.  rati0)  enter  figure  g  with  the  computed  relief- 

The  standard  error  of  estimate  for  the  equa-  length  ratio  and  read  the  sediment-delivery  ratio 
tion  is  ±0.04041  log  units,  and  the  coefficient  of      in  percent  of  annual  gross  erosion. 

USE  OF  UNIVERSAL  EOUATION  AND  DELIVERY 
RATIOS  IN  WATERSHED  PLANNING 

Assume  a  watershed  area  of  600  acres  above  a  Present  Conditions 

proposed   flood-water-retarding  structure   in  Cropland,  280  acres 

Fountain  County,  Ind.  (See  fig.  4.)  Compute  the  Continuous  corn  with  residue  removed,  aver- 

average  annual  soil  loss  from  sheet  erosion  for  age  yield  70  bu/acre 

present  conditions  and  for  future  conditions  Cultivated  up  and  down  slope 

after  recommended  land  treatment  is  applied  on  Soil,  Fayette  silt  loam 

all  land  in  the  watershed  (8) .  Slope,  8  pet 
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00 
90 


Re  1  ief-Length   (R/L)    Rat  io 


Slope  length,  200  ft 
72=185 
K=0.37 
LS=1A1 
C=0.43 
P=1.00 

A  =  185  X  0.37  x  1.41 

X  0.43  X  1.0  =  41.5  tons/acre/yr  soil  loss 

Pasture,  170  acres 

Canopy  of  short  brush,  0.5-m  fall  height 

Percent  cover  provided  by  canopy,  50  pet 

Surface  cover,  grass  and  grasslike  plants 

Percent  of  surface  or  ground  cover,  80  pet 

Soil,  Fayette  silt  loam 

Slope,  8  pet 

Slope  length,  200  ft 

E=185 

#=0.37 
LS=1.41 

C=0.012 

A  =  185  x  0.37  X  1.41  X  0.012  =  1.16  tons/acre/yr 
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Forest,  150  acres 
Poorly  stocked 

Percent  of  area  covered  by  tree  canopy,  30  pet 
Percent  of  area  covered  by  litter,  50  pet 
Undergrowth,  unmanaged 
Soil,  Bates  silt  loam 
Slope,  12  pet 
Slope  length,  100  ft 

72=185 

K=0.S2 
LS=1.S 

C=0.05 

A  =  185  x  0.32  x  1.8  X  0.05  =  5.3  tons/acre/yr 

Future  Conditions 

Cropland,  280  acres 

Rotation  of  wheat,  meadow,  corn,  corn  with 

residue  left 
Contour  stripcropped 
Soil,  Fayette  silt  loam 
Slope,  8  pet 


APPROXIMATE  SCALE  -  4  INCHES  =  I  MILE 

Figure  4. — A  hypothetical  600-acre  watershed  for  use  in  example. 


Slope  length,  200  ft 
#=185 
#=0.37 
LS=1.41 
C=0.119 
P=0.3 

A  =  185  X  0.37  x  1.41  x  0.119  x  0.3  =  3.4  tons/acre/yr 


Pasture,  170  acres,  with  improved  management 
Canopy  cover  increased  to  75  pet  with  0.4-m 
fall  height 

Ground  cover  increased  to  95  pet  (for  area  not 

protected  by  canopy) 
Soil,  Fayette  silt  loam 
Slope,  8  pet 
Slope  length,  200  ft 
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#=185 
#=0.37 
LS=1.41 
C=0.003 

A  =  185  x  0.37  X  1.41  X  0.003  =  0.29  tons/acre/yr 

Forest,  150  acres,  with  improved  measurement 
Medium  stocked 
Canopy  cover  increased  to  60  pet 
Litter  cover  increased  to  80  pet 
Undergrowth,  managed 
Soil,  Bates  silt  loam 
Slope,  12  pet 
Slope  length,  100  ft 

#=185 

#=0.32 
LS=1.S 

C=0.003 

A  =  185  x  0.32  x  1.8  X  0.003  =  0.32  tons/acre/yr 


Summary  of  Average  Annual  Soil  Losses 

Present  Conditions 

Tons/yr 

Cropland — 280  acresX41.5  tons/acre= 11,620 
Pasture  — 170  acresX  1.16  tons/acre=  197 
Forest    — 150  acresX5.3  tons/acre=  795 


Total  12,612 

Future  Conditions 

Cropland — 280  acresX3.4  tons/acre=  952 

Pasture  — 170  acresX0.29  tons/acre=  49 

Forest    — 150  acresX0.32  tons/acre=  48 


Total   1,049 

The  above  summary  shows  that  the  total  soil 
loss  from  sheet  erosion  under  present  conditions 
is  12,612  tons.  Assuming  that  soil  loss  from  other 
sources  is  negligible,  this  represents  the  total 
average  annual  gross  erosion  in  the  watershed. 


SEDIMENT-DELIVERY  RATIOS 


Composite  Curve 

If  a  sediment-delivery  ratio  curve  for  the  Indi- 
ana and  Ohio  Till  Plain  Area,  where  this  water- 
shed is  located,  has  not  been  developed,  the  com- 
posite curve  shown  in  figure  1  is  used.  The  size 
of  the  drainage  area  is  600  acres  or  0.9375  mi2. 
Using  0.94,  the  sediment-delivery  ratio  is  29  pet 
and  the  average  annual  sediment  yield,  for  pres- 
ent or  without  project  conditions,  to  the  pro- 
posed structure  is  12,612x0.29,  or  3,657  tons. 

Blackland  Prairie  Curve 

If  a  watershed  of  this  size  is  located  in  the 
Blackland  Prairie  Land  Resource  Area  in  Texas, 
then  the  sediment-delivery  ratio  curve  developed 
for  this  area  is  used  (fig.  2) .  This  curve  indicates 
a  delivery  ratio  of  59  pet. 


It  is  thought  that  the  principal  reason  for  the 
high  sediment-delivery  ratios  in  the  Blacklands 
is  the  fine  texture  of  the  soils.  These  are  almost 
entirely  clays  and  silty  clays  which,  once  de- 
tached and  entrained,  have  a  high  rate  of  trans- 
port as  suspended  sediment. 

Rolling  Red  Plains  Curve 

For  this  size  of  watershed  within  the  Rolling 
Red  Plains  Land  Resource  Area,  the  relief-length 
ratio  relationship  is  used.  The  approximate  total 
length  of  the  watershed,  measured  essentially 
parallel  to  the  main  stream,  is  8,580  ft.  The  total 
relief  in  the  watershed  is  190  ft.  The  relief-length 
ratio  then  is  190/8580,  or  0.022.  Using  the  curve 
shown  in  figure  3,  a  sediment-delivery  ratio  of 
38  pet  is  indicated. 


SUMMARY 


In  many  instances,  measured  basic  data  upon 
which  to  base  detailed  analyses  for  establish- 
ing sediment-delivery  ratios  are  insufficient  or 
entirely  lacking.  The  validity  of  using  an  equa- 
tion for  developing  sediment-delivery  ratios  be- 


developed  is  questionable  and  generally  not 
recommended.  Yet  a  knowledge  of  sediment-de- 
livery ratios  is  needed  by  investigators  to  deter- 
mine sediment  yields,  to  ascertain  the  relative 
importance  of  various  sediment  sources,  and  to 


yond  the  physiographic  area  for  which  it  was      recommend  measures  to  reduce  sediment  yields. 
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Most  areas  in  the  country  do  have  information      and  calculated  gross  erosion  gives  indications  of 


concerning  the  total  sediment  yield  from  some 
watersheds.  Such  data  are  available  from  sus- 
pended-load records  and  reservoir  sedimenta- 
tion-survey records.  Comparing  sediment  yield 


an  expected  sediment-delivery  ratio  for  the  area. 
Such  an  analysis  is  much  less  precise  than  de- 
tailed studies,  but  can  be  useful  where  no  other 
data  are  available. 


(i) 


(2) 


(3) 


(4 
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THE  USE  OF  SUSPENDED -SEDIMENT  LOAD 
MEASUREMENTS  AND  EQUATIONS  FOR 
EVALUATION  OF  SEDIMENT  YIELD 
IN  THE  WEST 

By  Elliott  M.  Flaxman1 

INTRODUCTION 


This  paper  describes  some  sediment-yield 
evaluations  that  depart  from  the  customary 
treatment  of  suspended-sediment  load  data.  The 
conventional  means  of  securing  sediment  yield  is 
by  summation  of  long-time  records  and  use  of  the 
flow-duration,  sediment-rating  curve  procedure 
to  extend  short-time  sediment-load  records.  The 
latter  procedure  is  frequently  used  because  the 
suspended-sediment  load  data  are  for  a  much 
shorter  period  than  the  streamf  low  records. 

In  determining  the  suspended-sediment  load 
in  tons,  the  discharge  is  multiplied  by  sediment 
concentration  and  a  conversion  factor  as  given 
by  Porterfield.2  In  this  computation,  the  direct 
relationship  between  discharge  and  sediment 
concentration  is  obscured  because  the  computa- 
tion of  tons  has  already  included  the  discharge 
value  in  the  determination.  The  question  for 


which  an  answer  is  being  sought  is  whether  re- 
lating discharge  to  concentration  may  aid  in  solv- 
ing some  of  the  sediment-yield  problems  in  the 
Western  States.  Among  these  are  a  concern  as  to 
the  relative  contribution  of  stream  channels 
compared  to  the  upland  sources  of  sediment. 
Erosion  of  the  bed  and  banks  of  channels  is  com- 
mon in  arid  and  semiarid  areas  and  can  be  an 
important  contributor  of  sediment.  The  possibil- 
ity of  interpreting  discharge-sediment  concen- 
tration relationships  for  this  purpose  is  explored. 

In  many  areas  it  is  difficult  to  determine  what 
portion  of  the  sediment  yield  is  geologic  erosion 
and  what  portion  is  accelerated  erosion,  usually 
attributable  to  man's  activities.  Discharge-sedi- 
ment concentration  relationships  are  considered 
for  this  purpose. 


METHODS  OF  ANALYZING  SUSPENDED-SEDIMENT  LOAD  DATA 


The  procedure  described  involves  the  random 
selection  of  discharge  data  and  suspended-sedi- 
ment load  data  from  U.S.  Geological  Survey 
records.  It  was  decided  to  use  as  wide  a  range  of 
discharge  measurements  as  was  available.  The 
amount  of  data  used  was  limited  to  the  number 
of  observations  that  could  reasonably  be  dupli- 
cated by  short-term  monitoring.  The  number  of 
discharge-sediment  concentration  measurements 
varied  from  25  to  70  and  averaged  about  40. 


Plotting  discharge-sedment  concentration 
measurements  from  a  number  of  stations  on  log- 
log  paper  indicated  that  a  straight  line  adequate- 
ly described  the  general  relationship  through  the 
range  of  discharges  responsible  for  the  largest 
percentage  of  sediment  volume  at  a  station.  The 
more  complex  relationship  found  at  several  sta- 
tions will  be  described  later. 

A  simple  regression  analysis  was  made  of  the 
data,  and  the  derived  equations  are  of  the  form 


1  Sedimentation  specialist,  Engineering  and  Water- 
shed Planning  Unit,  Regional  Technical  Service  Center, 
Soil  Conservation  Service,  U.S.  Department  of  Agricul- 
ture, Portland,  Oreg.  97209. 

2  Porterfield,  George.  1972.  Computation  of  fluvial- 
sediment  discharge.  Book  3,  Chapter  C3,  Techniques  of 
Water  Resources  Investigations  of  the  United  States 
Geological  Survey,  65  pp. 


Y=aXm,  (1) 

where    Y=the  sediment  concentration,  in  milli- 
grams per  liter, 
a=a  constant, 

X=  discharge,  in  cubic  feet  per  second, 
and       m=an  exponent. 
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Whether  or  not  the  procedure  reasonably  re- 
flects actual  measurements  was  examined.  This 
was  done  by  computing  the  sediment  load  in  tons 
per  year  with  the  derived  simple  regression  equa- 
tions and  comparing  this  computed  load  with 
measured  amounts.  In  most  instances,  data  from 
years  other  than  those  included  in  developing  the 
equation  were  used  in  making  this  comparison. 
The  measured  versus  computed  suspended-sedi- 
ment loads  shown  in  figure  1  generally  indicate 
that  the  equations  provide  a  satisfactory  rela- 
tionship for  the  described  purposes. 

In  the  early  stages  of  the  data  analysis,  dis- 
charge-sediment concentration  measurements 
were  plotted  for  a  substantial  number  of  gaging 
stations.  It  was  noted  that  values  for  the  inter- 


cept a  tended  to  increase  when  the  data  were 
from  the  drier  parts  of  the  West  and  decrease 
when  they  were  from  more  humid  areas.  Sedi- 
ment concentrations  in  a  given  discharge  in- 
creased in  the  same  manner.  This  is  interpreted 
as  expressing  the  effect  of  better  vegetation  cov- 
er and  lower  concentrations  for  higher  runoff 
areas  and  sparse  vegetation  and  higher  concen- 
trations for  the  more  arid  areas. 

Observations  of  the  plotted  data  coupled  with 
some  knowledge  of  the  contributing  watersheds 
indicated  that  there  is  a  tendency  for  sediment 
concentration  to  increase  in  approximately  di- 
rect proportion  to  discharge  in  watersheds 
characterized  here  as  having  a  "uniform"  re- 
sponse to  rainfall  runoff.  A  uniform  watershed 
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is  defined  here  as  one  for  which  upland  sheet 
erosion  is  the  dominant  source  of  sediment,  and 
this  is  yielded  to  streamflow  at  a  more  or  less 
uniform  rate  over  the  whole  area.  The  condition 
described  is  most  likely  to  be  a  watershed  in  a 
relatively  natural  condition,  although  it  may  be 
in  deteriorated  condition,  exposing  soils  over 
most  of  the  watershed  that  are  equally  suscep- 
tible to  erosion. 

In  watersheds  where  sediment  concentrations 
increase  in  about  direct  proportion  to  the  in- 
crease in  discharge,  the  exponent  m  has  a  value 
of  1.0  or  perhaps  up  to  1.10  as  a  result  of  the  in- 
creased stress  on  the  watershed  by  infrequent 
and  intense  storms.  Other  observations  of  plotted 
data  and  knowledge  of  watershed  conditions  in- 
dicate that  uniform  watersheds  with  runoff 
largely  due  to  snowmelt  have  m  values  of  1.4  to 
1.5.  Such  large  exponents  are  indicative  of  very 
low  sediment  concentrations  during  low  or  mod- 
erate discharges  relative  to  the  concentrations  at 
higher  discharges. 

Variable  watersheds,  as  distinct  from  uniform 
watersheds,  are  placed  in  two  classes.  These  are 
(1)  variable  m<l  and  (2)  variable  m>l.  Water- 
sheds in  class  1  are  those  in  which  sediment  con- 
centrations are  increasing  at  a  rate  less  than  the 
proportionate  increase  in  discharge;  those  in 
class  2  are  those  in  which  sediment  concentra- 
tion is  increasing  at  a  greater  than  proportion- 
ate rate  of  increase  in  discharge.  The  class  1  type 
is  characterized  by  the  greater  availability  of 
sediment  during  low  and  moderate  discharges. 
The  sources  could  be  the  channel,  gullies,  or  ex- 
posed slopes  where  erosion  may  readily  occur 
during  low-intensity  storms  or  during  the  early 
and  late  stages  of  a  large  storm.  Class  2  types, 
other  than  those  described  as  resulting  from 
snowmelt  erosion,  are  characterized  by  greater 
susceptibility  to  erosion  during  periods  of  severe 
climatic  stress  in  the  watershed.  Exponents 
higher  than  1.5  have  been  identified  in  class  2 
watersheds. 

In  the  data  studied,  values  of  m  less  than  1.0 
range  as  low  as  0.16.  The  m  of  0.16  is  from  the 
San  Simon  Wash  in  southeastern  Arizona,  wide- 
ly known  for  the  valley  trenching  extending 
through  its  alluvial  valley.  The  Rio  Puerco  in 
northwestern  New  Mexico  is  an  even  more  not- 
able example  of  valley  trenching  because  of  the 
hundi-eds  of  miles  of  stream  reach  involved.  The 
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value  of  m  is  0.25.  These  are  average  values  for  a 
considerable  scatter  of  data  that  reflect  an  al- 
most independent  relationship  between  dis- 
charge and  sediment  concentration.  In  fact,  low 
flows  may  have  sediment  concentrations  as  high 
as  large  flows  or  higher,  indicative  of  the  unlim- 
ited supply  of  sediment  in  streambeds  and  chan- 
nel banks,  no  matter  in  what  portion  of  the  wa- 
tershed a  storm  occurs.  The  volume  of  sediment 
from  the  channel  or  from  lower  watershed  accel- 
erated erosion  apparently  does  not  have  to  be 
large  to  cause  the  value  of  m  to  be  less  than  1.0, 
just  that  concentrations  during  the  lower  or 
moderate  flows  are  proportionately  high  enough 
to  create  an  imbalance  over  so-called  uniform 
conditions. 

It  was  stated  above  that  the  value  for  intercept 
a  tended  to  increase  with  increasing  aridity  of 
the  climate.  It  is  apparent,  given  the  same  cli- 
matic conditions,  that  the  intercept  would  be 
larger  as  the  slope  of  the  curve  defined  by  ex- 
ponent m  becomes  steeper.  The  intercept  could 
also  be  larger  than  indicated  by  the  climatic  fac- 
tor if  the  vegetative  cover  was  poor  and  other 
upland  watershed  conditions  were  conducive  to 
severe  erosion.  The  effect  of  these  conditions  is 
illustrated  in  figure  2.  The  figure  shows  that  sev- 
eral streams  are  out  of  place  in  the  sequence  of 
declining  a  intercepts  as  average  annual  runoff 
decreases.  For  example,  runoff  in  Flatwillow 
Creek  in  Montana,  stream  5,  is  chiefly  from 
snowmelt,  and  its  position  to  the  left  of  a  normal 
sequence  on  the  graph  is  indicative  of  lower  ero- 
sion in  the  upland  watershed.  Stream  6  is  Colma 
Creek  in  South  San  Francisco,  Calif.  The  accel- 
erated erosion  caused  by  urban  and  suburban 
development  has  been  discussed  by  J.  M.  Knott.3 
Stream  7  is  the  Paria  River,  which  carries  the 
highest  sediment  concentrations  on  record  in  the 
United  States.  Exceptionally  heavy  geologic  ero- 
sion is  widespread  in  this  watershed. 

Considering  the  apparent  relationships  among 
average  annual  runoff,  intercept  a,  and  exponent 
m,  a  multiple  regression  analysis  was  made  with 
average  annual  runoff  and  the  value  of  m  as  in- 
dependent variables  and  intercept  a  as  the  de- 
pendent variable  using  32  examples  from  various 
parts  of  the  West: 

3  Knott,  J.  M.  1969.  Interim  report  on  streamflow  and 
sediment  discharge  in  the  Colma  Creek  Basin,  California. 
Open  File  Report,  Water  Resources  Division,  U.S.  Geo- 
logical Survey,  Menlo  Park,  Calif..  24  pp. 


49 


a  =  antilog  (5.9085.-1.4964  log  3:i-2.2386Z2),  (2) 

where     a=the  intercept  in  equation  1, 

X^average  annual  runoff,  in  acre-feet 
per  square  mile, 
and       X>=exponent  m  in  equation  1. 

The  value  of  r  is  0.89,  indicating  that  79  pet  of 
the' variation  in  a  is  explained  by  this  equation. 
The  value  of  t  for  X1  is  —6.24;  for  X,  it  is  —4.03, 
both  highly  significant.  The  F-ratio  is  54,  also 
highly  significant. 

As  a  practical  application  of  the  interpretation 
described  above,  data  from  San  Ramon  Creek  in 
Contra  Costa  County,  Calif.,  is  used  as  an  exam- 
ple. Stabilization  of  the  channel  banks  and 
streambed  was  a  major  element  of  a  pilot  water- 
shed program  in  which  the  Soil  Conservation 
Service  participated  with  local  sponsoring  agen- 
cies in  the  mid-1950's.  In  developing  the  project 
work  plan,  the  rate  of  land  loss  between  1939 
and  1950  along  San  Ramon  Creek  was  obtained 
from  comparative  aerial  photography.  The  aver- 
age loss  was  determined  to  be  about  1.55  surface 
acres/yr.  The  height  of  the  banks  was  10  to  20 
ft.  As  part  of  a  project  evaluation,  suspended- 
sediment  load  samples  were  obtained  on  San 
Ramon  Creek  at  Walnut  Creek  gaging  station 
between  1955  and  1958,  during  the  early  years  of 
project  installation.  Figure  3  shows  the  dis- 
charge-sediment concentration  curve  (solid  line) 
approximated  from  the  measurements  and  a 
curve  (dash  line)  with  an  intercept  of  2.73  for 
discharge  (Q),  computed  from  equation  2,  with 
m  equal  to  1.0.  This  assumes  that  a  value  of  1.0 
would  be  appropriate  under  natural  conditions, 
with  no  significant  channel  erosion. 

By  use  of  the  curves  in  figure  3  and  flow-dura- 
tion data  for  San  Ramon  Creek,  it  was  deter- 
mined that  the  average  annual  sediment  yield  un- 
der 1955—58  conditions  was  about  60,000  tons,  or 
1,180  tons  /mi2.  The  yield  without  channel  ero- 
sion would  amount  to  about  25,000  tons/yr,  a 
difference  of  35,000  tons  between  the  two  condi- 
tions. Assuming  a  weight  of  80  lb  /ft3,  the  volume 
of  sediment  from  channel  erosion  is  about  20 
acre-feet  annually,  and  the  upland  yield  is  0.3 
acre-foot /mi-.  The  approximations  compare  fav- 
orably with  the  measurements  of  channel  erosion 
and  of  watershed  sedimentation  rates. 

Figure  4  concerns  Colma  Creek  in  South  San 
Francisco,  Calif.  Curve  1  indicates  the  general 


trend  of  a  discharge-sediment  concentration  re- 
lationship derived  from  measurements.  Curve  2 
is  a  possible  undisturbed  watershed  relationship, 
with  the  intercept  of  0.545  determined  from 
equation  2  and  with  m  again  equal  to  1.0.  The 
very  large  difference  shown  here  is  attributable 
to  urbanization,  which  has  increased  the  concen- 
tration of  sediment  for  a  given  discharge  by  a 
hundredfold.  This  increase  does  not  include  sedi- 
ment intercepted  by  debris  basins  as  identified 
by  Knott,  cited  in  footnote  3. 

A  different  example,  one  of  upland  watershed 
slope  erosion,  is  cited  in  the  case  of  the  Waikele 
Stream,  tributary  to  Pearl  Harbor  on  the  island 
of  Oahu,  Hawaii.  In  recent  years,  the  watershed 
has  been  undergoing  a  large  amount  of  urban 
development;  in  addition  sugarcane  and  pine- 
apple have  been  groAvn  for  a  number  of  years. 
Figure  5  shows  an  approximate  relationship  be- 
tween discharge  and  suspended-sediment  con- 
centration developed  from  a  relatively  few  sam- 
ples (curve  1) .  Exponent  m  has  a  value  of  1.36. 
Curve  2  is  a  theoretical  curve  developed  from 
equation  2  and  the  assumption  that  the  exponent 
of  1.10  was  indicative  of  undisturbed  conditions. 
This  value  is  suggested  by  plotting  data  from  a 
much  less  disturbed  watershed  on  the  island. 
Computations  from  1  year's  flow  indicate  the 
sediment  yield  under  the  natural  vegetation  of 
these  tropical  surroundings  to  be  only  about  12 
pet  of  the  present  yield.  This  is  assuming  that  the 
runoff  is  approximately  the  same  under  both 
watershed  conditions. 

The  indicated  relatively  high  m  of  1.36  for  the 
Waikele  Stream  may  in  part  be  due  to  the  high 
infiltration  capacity  of  the  soil.  This  could  result 
in  low-concentration  flows  from  subsurface 
sources  at  lower  discharges.  Similarly,  water- 
sheds with  soils  of  low  infiltration  capacity  could 
have  low  m  values,  in  part  because  of  surface 
runoff  during  early  stages  of  a  storm. 

While  a  straight-line  relation  between  dis- 
charge and  suspended-sediment  concentration 
appears  to  be  appropriate  in  accounting  for  most 
of  the  variation,  it  is  by  no  means  always  the 
case.  Even  in  instances  where  it  is  true,  the  lower 
range  of  relationships  are  apt  to  be  curvilinear 
as  indicated  in  figure  3,  curve  1. 

Among  the  most  complex  of  discharge  and  sus- 
pended-sediment concentration  relationships  ex- 
isting in  the  West  are  those  occurring  in  the 
wheat-growing  country  of  eastern  Washington 
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and  Oregon.  Figure  6  is  a  plot  of  data  from  the 
Walla  Walla  River  in  southeastern  Washington. 
The  major  condition  bearing  on  sediment  volume 
pertains  to  part  2  of  the  curve.  This  section  re- 
flects a  rate  of  increase  in  sediment  concentra- 
tion many  times  that  of  discharge.  This  unusual- 
ly large  rate  of  increase  is  attributed  to  an  accel- 
eration of  soil  erosion  with  the  thawing  of  sev- 
eral inches  of  surface  soil  frost.  The  frost  layer 
remains  below  this  depth,  causing  a  relatively 
impermeable  barrier  to  infiltration  from  the 
saturated  layer  that  has  thawed.  Soil  losses  of  as 
much  as  300  tons/acre  have  been  measured  as 


runoff  from  rain  or  snowmelt  rills  the  slopes  thai 
are  bare  or  are  in  a  poor  cover  of  winter  wheat. 
The  combination  soil  frost  followed  by  severe 
erosion  does  not  occur  every  year,  and  therefore 
the  relationships  shown  on  figure  6  are  not  an- 
nual. 

Part  1  of  the  curve  in  figure  6  is  interpreted  to 
be  the  result  of  return  flow  from  irrigation.  The 
relatively  high  concentration  of  sediment  during 
the  very  low  flows  is  diluted  as  discharge  in- 
creases, hence  the  reverse  nature  of  the  relation- 
ship in  this  portion  of  the  curve. 

Part  3  of  the  curve  reflects  a  discharge-sus- 
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pended  sediment  concentration  relationship  as 
discharge  extends  to  the  level  of  rare  occur- 
rences; that  is,  sediment  becomes  available  at  a 
rate  that  is  not  in  proportion  to  the  rate  of  in- 
crease in  discharge.  This  has  been  noticed  in  oth- 
er records  and  indicates  the  error  that  may  occur 
if  a  straight-line  relationship  is  extended  too  far. 
On  the  other  hand,  the  added  stresses  exerted  on 
a  watershed  by  a  storm  of  rare  occurrence  may 
cause  the  development  of  new  sources  of  sedi- 
ment and  rate  of  sediment  availability  greater 
than  the  rate  of  increase  in  discharge.  This  is 
illustrated  in  part  2  of  the  curve  in  figure  6.  It  is 
dramatically  illustrated  by  the  Eel  River  at 
Scotia  in  northeastern  California.  Curve  1  of 
figure  7  shows  a  portion  of  the  discharge-sus- 


pended sediment  concentration  relationship 
prior  to  the  exceptional  floods  of  December  1964- 
January  1965.  Curve  2  shows  the  shift  in  the  re- 
lationship, indicating  a  manifold  increase  in 
sediment  concentration  with  the  same  discharge. 
The  Eel  River  Basin  at  the  Scotia  station  is  ap- 
proximately 3,100  mi2  in  area.  The  average  an- 
nual sediment  yield  per  square  mile  is  the  highest 
recorded  in  the  United  States  for  this  size  of 
watershed.  Major  sources  of  sediment  are  land- 
slides and  bank  erosion.  The  shift  in  the  dis- 
charge-suspended sediment  concentration  curve 
is  interpreted  as  a  result  of  the  enlargement  of 
existing  sources  and  the  creation  of  new  sources 
of  sediment. 


CONCLUSIONS 


The  procedures  described  for  analyzing  the 
relationship  between  discharge  and  suspended- 
sediment  load  data  show  that  a  variety  of  inter- 
pretive possibilities  are  available.  The  require- 
ments for  using  these  procedures  are  that  an 
array  of  data  on  sediment  concentrations  be 
available  to  accompany  discharge  data,  the  latter 
preferably  at  a  wide  range  of  flows.  Sufficient 
knowledge  of  the  watershed  should  be  available 
to  relate  sources  of  sediment  to  the  characteris- 
tics of  the  plotted  curves  of  data. 

By  employing  this  information  on  watershed 
characteristics  as  related  to  discharge-suspended 
sediment  concentration  relationships,  knowledge 


can  be  built  up  to  aid  in  determining  (1)  the 
dominant  sources  of  sediment  yield,  (2)  the 
approximate  effect  of  these  sources  on  sediment 
concentrations,  (3)  the  approximate  percentage 
of  increase  in  sediment  yield  due  to  present 
watershed  conditions  as  compared  to  what  it 
would  be  under  undisturbed  watershed  condi- 
tions, and  (4)  the  effects  of  land  treatment  on 
the  reduction  of  erosion  and  sediment  yield. 

Additional  studies  similar  to  those  described 
should  increase  knowledge  of  the  watershed 
conditions  contributing  to  variations  in  sediment 
yield  and  in  the  improvement  of  the  predictive 
tools  that  have  been  described. 
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VALLEY  SEDIMENTATION  AS  A  FACTOR  IN 
SEDIMENT-YIELD  DETERMINATIONS 

By  Stafford  C.  Happ1 

SCS  VALLEY  SEDIMENT  SURVEYS 


Valley  sedimentation  between  eroding  areas 
and  downstream  points  of  sediment  measure- 
ment or  delivery  is  a  common  problem  in  efforts 
to  evaluate  sediment  yields.  Data  on  valley  sedi- 
mentation are  inadequate  and  cannot  be  im- 
proved without  considerable  effort. 

Most  of  the  pertinent  information  on  valley 
sedimentation  and  related  valley  erosion  is  limit- 
ed to  results  of  investigations  by  the  Soil  Con- 
servation Service  during  1935-41.  Those  investi- 
gations began  under  the  direction  of  Henry  M. 
Eakin  and  expanded  as  part  of  the  Agriculture 
Department  watershed  surveys,  commonly  called 
flood  surveys,  conducted  jointly  by  the  Soil  Con- 
servation Service,  the  Forest  Service,  and  the 
Bureau  of  Agricultural  Economics. 

Valley  flood-plain  sediments  were  studied 
chiefly  by  auger  borings,  to  measure  and  sam- 
ple the  "modern"  deposits  formed  as  a  result  of 
accelerated  soil  erosion  following  the  clearing 
of  forests  and  cultivation  of  sloping  lands.  The 
base  of  the  modern  sediment  is  generally  marked 
by  a  dark  soil  horizon.  Under  natural  conditions 
flood-plain  sedimentation  was  too  slow  to  pre- 
vent development  of  a  dark  surface  zone 
throughout  most  of  the  United  States  east  of  the 
Rocky  Mountains;  farther  west  the  conditions 
are  little  known  and  may  have  been  more  varied. 

List  of  SCS  Valley  Sedimentation  Surveys, 
1935-41,  in  Which  Ranges  Were  Profiled  and 
Marked  for  Resurveys 

1.  Little  Sioux  River  and  4  tributaries,  below  Cherokee, 

Iowa 

2.  Whitewater  River  and  6  tributaries,  Minn. 

3.  Beaver  Creek,  Wis. 

4.  Coon  Creek,  Wis. 

5.  Kickapoo  River  and  2  tributaries,  Wis. 

6.  Galena  River  and  4  tributaries,  Wis.-Ill. 


1  Geologist,  USD  A  Sedimentation  Laboratory,  South- 
ern Region,  Agricultural  Research  Service,  Oxford,  Miss. 
38655. 


7.  Upper  Wabash  River,  Ind. 

8.  Muskingum  River  tributaries,  Ohio 

Killbuck  Creek 

Licking  River  and  6  tributaries 
Piedmont  Reservoir  tributaries 
Senecaville  Reservoir  tributaries 

9.  Ferguson  Creek,  S.C. 

10.  Coosa  River  tributaries,  Ga. 

Armuchee  Creek 
Noonday  Creek 
Pine  Log  Creek 
Pumpkinvine  Creek 
Scarecorn  Creek 

11.  Yazoo  tributaries,  Miss. 

Coldwater  River  and  4  tributaries 

Little  Tallahatchie  River  and  12  tributaries 

North  Tillatoba  Creek 

Petacocowa  Creek 

Strayhorn  Creek 

Yocona  River  and  6  tributaries 

Yalobusha  River  and  4  tributaries 

12.  Trinity  River  tributaries,  Tex. 

Battle  Creek 
Clear  Creek 
Muddy  Cedar  Creek 
Salt  Creek 
White  Rock  Creek 

13.  Washita  River  tributaries,  Okla. 

Rush  Creek 
Sandstone  Creek 
Sugar  Creek 
Wildhorse  Creek 

14.  Medicine  Lodge  River,  Kans. 

15.  Arkansas  River  above  John  Martin  Reservoir,  Colo. 

16.  Middle  Rio  Grande,  N.  Mex. 

The  valley  research  was  an  extension  of  a 
reservoir  survey  program,  with  emphasis  on 
sediment  measurements  to  supplement  reservoir 
data  for  evaluation  of  soil  erosion  rates  and  to 
determine  sediment  distribution  relative  to  res- 
ervoir silting  problems.  Borings  were  made  on 
ranges  across  valleys,  surface  profiles  were  sur- 
veyed along  the  ranges,  and  ends  were  marked 
with  iron  pipes.  Related  studies  of  sediment 
sources  from  stream  channel  and  gully  erosion 
were  started,  but  the  research  program  was  cur- 
tailed before  any  surveys  were  completed  as 
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planned.  The  flood  surveys  were  directed  chiefly 
toward  appraisal  of  sediment  damage  and  pros- 
pective benefits  from  proposed  remedial  pro- 
grams. For  those  purposes  ranges  were  generally 
farther  apart,  as  were  borings  on  the  ranges,  and 
many  ranges  were  not  profiled  or  marked  ade- 
quately for  future  recovery.  Altogether,  in  both 
programs,  sediment  measurements  were  made  in 
perhaps  a  hundred  valleys  of  creeks  and  small 
and  medium  rivers,  and  ranges  were  profiled  and 
marked, for  future  comparisons  in  at  least  CO 
valleys,  about  half  of  them  in  northern  Missis- 
sippi. The  number  depends  on  how  confluent  val- 
leys are  counted. 

Figure  1  shows  the  location  of  valleys  in  which 
surveys  included  surface  profiles  and  range 
markers  for  resurveys.  The  Arkansas,  Middle 
Rio  Grande,  and  Upper  Wabash  surveys  covered 
only  parts  of  those  valleys,  but  others  included 
tributaries;  the  entire  watersheds  are  shown  on 
the  map.  The  Yazoo  surveys  were  all  on  tributar- 


ies of  that  river,  but  cannot  be  separated  on  the 
scale  of  the  map.  The  numbers  on  the  map  corre- 
spond to  the  accompanying  "List  of  SCS  Valley 
Sedimentation  Surveys."  The  list  is  more  com- 
plete, although  perhaps  there  were  a  few  more 
surveys  that  have  not  been  verified.  The  list  does 
not  include  all  tributary  names.  Middle  Rio 
Grande  surveys  involved  only  ground  surveys 
without  borings  and  were  superseded  by  a  much 
more  elaborate  program  of  the  Bureau  of  Recla- 
mation. About  half  of  the  Kickapoo  borings  were 
made  on  ranges  previously  established  by  the 
Corps  of  Engineers,  which  also  has  range  sur- 
veys in  the  Little  Sioux  and  Whitewater  valleys 
and  in  valleys  not  covered  by  Agriculture  De- 
partment surveys. 

Scattered  measurements  of  modern  flood- 
plain  sediment,  but  without  surface  profiles  or 
markers  for  future  comparison,  were  made  along 
tributaries  of  the  Muskingum,  Trinity,  and 
Washita  Rivers;  along  some  tributaries  of  the 
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Figure  1. — Location  of  valley  sedimentation  surveys,  1935-41,  for  which  ranges  were  profiled  and  marked  for  future 

recovery. 
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Potomac,  Pee  Dee,  and  Brazos  Rivers;  in  valleys 
of  the  Boyer  River  (Iowa),  Chariton  River 
(Iowa  and  Missouri),  Fabius  and  St.  Francis 
Rivers  (Missouri),  Root  and  Zumbro  Rivers 
(Minnesota) ,  and  Sny  Creek  (western  Illinois) ; 
and  in  other  locations  for  which  information  is 
not  at  hand. 


The  records  of  most  of  the  sediment  surveys 
are  in  the  Cartographic  Division  of  the  National 
Archives  or  in  Soil  Conservation  Service  files, 
but  efforts  have  failed  to  locate  the  Yazoo  and 
Kickapoo  data,  which  were  left  in  Forest  Service 
custody. 


SEDIMENT  DISTRIBUTION  AND  SEDIMENTATION  RATES 


The  1935-41  investigations  indicated  that 
flood  plains  had  been  aggraded  "by  several  feet 
(locally  more  than  20  ft)  in  small  and  medium 
valleys  throughout  much  of  the  southeastern 
Piedmont;  the  loess  belts  east  of  the  Mississippi 
River  and  bordering  the  Missouri  River;  the 
Driftless  Area  of  southwestern  Wisconsin  and 
adjacent  parts  of  Minnesota,  Illinois,  and  Iowa; 
and  sandy  areas  from  southern  Kansas  to  north- 
central  Texas.  Generally,  the  modern  sediment 
was  thinner  and  more  difficult  to  distinguish 
farther  downstream,  and  it  was  not  determined 
whether  such  deposits  are  recognizable  in  lower 
valleys  of  major  rivers.  No  definite  area  limits 
were  established,  and  similar  but  lesser  modern 
sediment  was  observed  in  many  other  areas  east 
of  the  Rocky  Mountains.  Valleys  farther  west 
were  not  studied  sufficiently  to  establish  general 
conclusions.  Scattered  observations  suggested 
relatively  little  valley  sedimentation  in  glaciated 
areas  of  Northeastern  States. 

Particularly  significant,  relative  to  sediment- 
yield  determinations,  were  concentrations  of 
sediment  relatively  far  upstream.  Modern  sedi- 
ment was  commonly  recognizable  up  small  head- 
water branches  to  within  a  few  hundred  feet  of 
watershed  divides,  and  in  some  valleys  in  Missis- 
sippi the  thickest  deposits  were  found  near  the 
head  of  permanent  streamflow.  Some  65  pet  of 
the  sediment  was  within  the  upper  6  mi  of  some 
Mississippi  creek  valleys.  Thus  a  large  propor- 
tion of  the  sediment  was  deposited  upstream 
from  most  suspended-load  measuring  stations. 

Very  active  soil  erosion  and  sedimentation 
were  apparent  in  all  areas  surveyed.  Thus,  it 
seemed  reasonable  to  assume  that  the  prevailing 


sedimentation  rates  were  at  least  as  high  as  the 
averages  obtained  from  dividing  total  modern 
sediment  by  the  number  of  years  since  the  land 
had  been  settled  (the  period  of  accelerated  soil 
erosion  caused  by  agricultural  practices) .  In  the 
Whitewater  Valley  of  southeastern  Minnesota 
and  the  Kickapoo  Valley  of  Wisconsin,  buried 
fences  and  other  datable  objects  indicated  thai 
prevailing  sedimentation  rates  were  about  twice 
the  average  for  the  period  of  modern  accumula- 
tion. Scattered  evidence  suggested  similar  in- 
creasing rates  elsewhere,  although  the  rates  of 
increase  may  have  been  quite  varied. 

The  estimated  current  sedimentation  rate  in 
the  Kickapoo  Valley,  twice  the  average  during 
the  period  of  modern  accumulation,  was  about  3 
times  the  rate  computed  on  the  basis  of  sediment 
passing  a  gaging  station  near  the  mouth.2  That 
would  mean  about  75  pet  of  the  sediment  yield 
had  been  deposited  within  a  valley  60  mi  long. 
Similar  relationships  were  indicated  by  less  com- 
plete data  for  the  Whitewater  Valley,  and  the 
Little  Tallahatchie  Valley  in  Mississippi.  Similar 
but  perhaps  less  extreme  relations  were  sug- 
gested by  volumes  and  distribution  of  sediment 
in  some  of  the  other  valleys  surveyed,  although 
suspended-load  records  were  not  available  for 
comparison. 

Outside  the  known  areas  of  general  flood-plain 
aggradation,  it  seems  probable  that  valley  depos- 
its may  comprise  a  smaller  proportion  of  the 
total  sediment  produced.  That  is  not  yet  proven, 
however.  Sediment  loads  in  those  streams  are 
also  probably  lower,  so  that  even  smaller  valley 
deposits  may  form  a  major  proportion  of  the 
total  sediment. 


RESURVEYS 


Resurveys  have  been  made  only  in  the  White- 
water Valley  and  tributaries  and  in  about  half  of 
the  Yazoo  River  tributary  valleys.  The  White- 
water sedimentation  rate  from  1939  to  1964  was 
about  the  same  as  the  average  for  the  previous 


80  yr  of  accelerated  erosion,  but  only  about  half 
of  the  current  rate  estimated  in  1939.  Figure  2 


2  Happ,  S.  C.  1944.  Effect  of  sedimentation  on  floods 
in  the  Kickapoo  Valley,  Wisconsin.  Journal  of  Geology 
52:  53-68. 
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illustrates  the  changes  on  one  Whitewater  River 
range,  where  the  flood  plain  is  relatively  narrow 
and  the  sediment  is  relatively  thick.  In  some  un- 
dredged  valleys  tributary  to  the  Yazoo  River  the 
1937-65  rate  was  about  30  pet  below  the  average 
for  the  previous  100  yr.  In  both  areas  reductions 
are  apparently  due  to  conservation  programs  and 
changes  in  land  use,  and  present  rates  are  pre- 
sumably even  lower  because  of  continuing  reduc- 
tion in  sedimentation  during  the  latter  part  of 
the  period  of  record. 

Most  Yazoo  River  tributaries  have  been 
dredged,  however,  or  trenched  by  erosion  head- 
ward  from  dredged  channels.  In  such  valleys, 


channel  and  flood-plain  erosion  may  now  exceed 
the  reduced  overbank  sedimentation,  so  that  the 
valleys  tend  to  become  sources  rather  than  re- 
positories of  sediment.  Data  are  limited  to  widely 
spaced  ranges  and  are  inadequate  for  volumetric 
determinations. 

In  view  of  the  apparent  reductions  in  sedimen- 
tation rates,  the  old  data  cannot  be  applied  di- 
rectly to  present  conditions  with  any  assurance. 
More  resurveys  are  needed,  and  where  there  have 
been  considerable  changes,  two  successive  resur- 
veys may  be  necessary  to  establish  current  rates. 
More  valley  surveys  in  other  areas  will  also  be 
needed  before  valley  sedimentation  conditions 
will  be  adequately  known. 


WHITEWATER    RIVER     RANGE  ll-B 
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Figure  2. — Valley  cross  section  showing  modern  sediment  measured  by  1939  borings  and  1964  resurvey,  Whitewater 

River.  Minn. 


CONCLUSIONS 


Presently  available  data,  although  representa- 
tive of  only  limited  areas  and  largely  out  of  date, 
indicate  that  valley  sedimentation  may  account 
for  as  much  as  75  pet  of  the  sediment  yield  from 
agricultural  vratersheds.  The  relation  may  be 
reversed  by  ditching,  and  previously  aggraded 
valleys  may  become  additional  sources  of  down- 
stream sediment.  Valley  sedimentation  and  ero- 
sion are  of  such  magnitude  and  are  sufficiently 


widespread  and  diverse  to  require  inclusion  in 
calculations  of  sediment  production  based  on  sus- 
pended loads  at  downstream  gaging  stations  and 
in  calculations  of  downstream  sediment  yields 
based  on  erosion  plots.  More  surveys  of  repre- 
sentative valleys  will  be  required  before  reliable 
generalizations  can  be  made  concerning  the  rela- 
tions of  erosion  to  downstream  sediment  deliv- 
ery. 
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SEDIMENT  ROUTING 
WITH  SEDIMENT-DELIVERY  RATIOS 

By  Robert  C.  Boyce1 


Soil  Conservation  Service  watershed  projects 
are  commonly  evaluated  for  a  100-yr  life.  For 
such  evaluations,  it  is  necessary  to  estimate  sedi- 
ment yields  for  100  yr  to  establish  sediment  stor- 
age requirements  for  proposed  dams  or  to  com- 
pare with-project  and  without-project  sediment 
yields  in  evaluating  sediment  damage.  Sediment 
delivery  ratios  are  defined  and  discussed  by  Ren- 
fro  elsewhere  in  this  publication.  Determination 
of  average  annual  sediment  yield  is  shown  in  his 
example.  After  determining  average  annual  sedi- 
ment yields,  project-life  sediment  yield  is  deter- 
mined by  multiplying  the  average  annual  yield 
by  the  appropriate  number  of  years.  If  sediment 
yields  were  determined  in  this  manner  for  each 
subarea  in  a  watershed,  it  should  be  possible  to 
route  sediment  through  the  watershed  in  much 
the  same  manner  as  hydrologists  route  storm 
runoff  through  watershed  subareas. 

Such  a  sediment-routing  procedure  requires 
that  much  of  the  sediment  contributed  to  the 
stream  system  by  subareas  must  somehow  be 
removed  from  the  routing  as  the  drainage  area 
increases.  Otherwise,  the  sediment  yield  rate 
would  not  decrease  with  increasing  area.  For  ex- 
ample, at  the  confluence  of  two  subareas  ap- 
proximately equal  in  size,  the  total  erosion  times 
the  sediment-delivery  ratio  for  the  total  drain- 
age area  will  be  less  than  the  sum  of  the  erosion 
times  the  delivery  ratio  for  each  subarea.  Be- 
cause the  relation  of  sediment-yield  rate  to  drain- 
age area  usually  differs  from  the  relation  of 
sediment-delivery  ratio  to  drainage  area  only  by 
a  constant  (see  paper  by  Piest,  Kramer,  and 
Heinemann),  the  example  may  be  restated  as 
follows:  The  sediment  yield  for  the  total  drain- 
age area  will  be  less  than  the  sum  of  the  sediment 
yields  computed  for  individual  subareas. 

Sediment-yield  rates  are  based  on  measure- 

1  Geologist,  Central  Technical  Unit,  Soil  Conservation 
Service,  U.S.  Department  of  Agriculture,  Hyattsville, 
Md.  20782. 


ments  of  sediment  in  transport  in  the  stream  sys- 
tem (suspended  load)  or  on  measurements  of  de- 
posited sediment.  If  we  accept  the  premise  that 
sediment-yield  rates  vary  inversely  with  drain- 
age area  (fig.  1) ,  then  the  decrease  in  sediment- 
yield  rates  with  increase  in  drainage  area  cannot 
be  explained  as  an  upland  phenomenon.  This  is 
because  these  rates  are  determined  from  sedi- 
ment wholly  within  the  stream  conveyance  sys- 
tem (stream  channels,  flood  plains,  and  associ- 
ated lakes,  reservoirs,  ponds,  and  swamps). 
Flood-plain  deposition  seems  to  offer  a  ready  ex- 
planation. When  a  large  watershed  is  considered 
as  many  small  subareas,  comparing  sediment- 
yield  rates  of  65  pet  of  computed  erosion  (65-pct 
sediment-delivery  ratio)  for  the  small  subareas 
at  the  left  end  of  the  sediment-delivery  ratio 
curve  (fig.  1) 2  with  a  sediment-yield  rate  of  5  pet 
of  computed  erosion  (5  pet  sediment-delivery  ra- 
tio) for  a  large  watershed  at  the  right  end  of  the 
curve  indicates  that  92  pet  of  the  sediment  yield 
from  small  subareas  would  not  reach  the  mouth 
of  a  large  watershed.  If  92  pet  of  the  cumulative 
sediment  yield  of  small  subareas  does  not  reach 
the  mouth  of  a  large  watershed,  then  massive 
and  continual  flood-plain  deposition  is  indicated. 

However,  one  of  the  basic  premises  of  stream 
morphology  (Playf air's  law)  requires  that  over 
a  long  time,  a  stream  must  transport  essentially 
all  sediment  delivered  to  it.  Lobeck3  (p.  161) 
classifies  streams  according  to  their  ability  to 
transport  sediment.  His  categories  are  based  on 
transport  power  in  excess  of  debris  load  (youth) 
and  transport  power  in  balance  with  debris  load 
(maturity  and  old  age) .  He  does  not  have  a  cate- 
gory for  debris  load  in  excess  of  transport  power 

2  Roehl,  J.  W.  1962.  Sediment  source  areas,  delivery 
ratios,  and  influencing  morphological  factors.  Extract  of 
Publication  No.  59  International  Association  of  Scientific 
Hydrology  Committee  of  Land  Erosion,  pp.  202-213. 

s  Lobeck,  A.  K.  1939.  Geomorphology.  731  pp.  McGraw- 
Hill,  New  York. 
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Figure  1. — Sediment-delivery  ratio  versus  size  of  drainage  area. 


(continual  flood-plain  deposition).  Leopold  et 
al.4  (p.  328)  conclude  that  materials  eroded  from 
a  drainage  basin  are  only  temporarily  stored  in 
the  flood  plain. 

If  it  is  assumed  that  a  stream  will,  in  100  yr, 
discharge  essentially  all  of  the  sediment  it  re- 
ceives,5 (p.  374)  then  the  100-yr  sediment  yields 
of  subareas  in  a  watershed  may  be  accumulated 
sequeiitially  in  a  downstream  direction  to  arrive 
at  the  100-yr  sediment  yield  for  any  selected 
downstream  point.  Certainly,  this  assumption  is 
questionable  where  long-term  deposition  or 
scour  has  occurred.  In  the  abscence  of  docu- 
mented long-term  deposition  or  scour,  it  seems 
reasonable  that  flood-plain  aggradation  is  essen- 
tially balanced  by  flood-plain  degradation  over 
100  yr.  However,  adding  or  accumulating  sub- 
area  sediment  yields  derived  from  computed  ero- 
sion times  delivery  ratio  based  on  drainage  area 
will  give  a  watershed  sediment  yield  reflecting 
the  aggregate  of  subarea  sediment-yield  rates. 
This  sediment  yield  will  be  higher  than  the 
watershed  sediment  yield  computed  by  multiply- 
ing the  computed  erosion  of  the  watershed  by  a 
delivery  ratio  appropriate  for  the  watershed 
size. 

Attempting  to  route  or  accumulate  100-yr 
sediment  yields  from  subareas  to  arrive  at  a 

*  Leopold,  L.  B.,  Wolman,  M.  G.,  and  Miller,  J.  P.  1964. 
Fluvial  processes  in  geomorphology.  522  pp.  W.  H.  Free- 
man and  Co.,  San  Francisco. 

5  Schumm,  S.  A.  1972.  Fluvial  geomorphology.  In  River 
Morphology,  pp.  365-395.  Dowden,  Hutchinson,  and 
Ross,  Stroudsburg',  Pa. 


watershed  sediment  yield  presents  a  problem:  To 
conform  to  the  sediment-delivery  ratio  curve,  it 
is  necessary  to  invoke  continual  flood-plain  depo- 
sition and  thereby  violate  Playfair's  law.  This 
dilemma  might  be  resolved  by  examining  the  de- 
livery-ratio concept  to  see  if  there  might  be  in- 
herent limitations,  not  apparent  in  current  usage 
of  the  procedure,  that  would  allow  major  depar- 
tures trom  the  curve  for  special  conditions  or  sit- 
uations. 

If  massive  and  continual  flood-plain  deposi- 
tion does  not  satisfactorily  explain  the  decrease 
in  sediment-yield  rates  with  increasing  drain- 
age area,  then  the  sediment-delivery  ratio  must 
reflect  not  a  stream  process  but  an  upland 
process.  The  sediment-delivery  ratio  then  ap- 
pears to  be  a  measure  of  the  efficiency  with 
which  computed  erosion  quantities  are  delivered 
to  the  stream  system.  The  major  components  of 
the  overland  sheet  erosion  process  are  discussed 
by  Meyer  and  Wischmeier.0  During  overland 
sheet  flow,  the  movement  of  each  entrained  par- 
ticle is  essentially  confined  to  a  vertical  plane 
perpendicular  to  the  contour.  The  efficiency  of 
this  transport  can  be  influenced  only  by  variables 
that  can  operate  in  that  vertical  plane.  Drain- 
age area  does  not  appear  to  be  such  a  variable. 
Slope,  however,  is  such  a  variable,  and  slope  does 
vary  with  drainage  area. 

6  Meyer,  L.  D.,  and  Wischmeier,  W.  H.  1969.  Mathe- 
matical simulation  of  the  process  of  soil  erosion  by  water. 
Transactions  of  the  Amei'ican  Society  of  Agricultural 
Engineers  12:  754-758,  762. 


62 


According  to  Leopold  and  Maddock7  (p.  22), 
average  land  slope  decreases  as  drainage  area 
increases.  The  relation  between  sediment-deliv- 
ery ratio  and  drainage  area  is  due  to  the  fact  that 
sediment-yield  rates  will  decrease  as  the  average 
slope  decreases,  reflecting  a  decrease  in  the  effi- 
ciency of  overland  sediment  transport.  A  de- 
crease in  average  land  slope  as  drainage  area  in- 
creases can  occur  only  if  assimilated  downstream 
subareas,  regardless  of  size,  have  low  average 
land  slopes.  Only  then  can  downstream  subareas 
contribute  to  lowering  the  watershed  average 
slope. 

Having  concluded  that  such  low-slope  down- 
stream subareas  must  exist,  one  can  see  why  they 
have  remained  unrecognized.  They  exist  only  as 
downstream  subareas  of  a  larger  watershed  and, 
as  such,  they  are  not  separately  represented  on 
the  sediment  delivery  ratio-drainage  area  curve. 
These  low-slope,  low-sediment-producing,  down- 
stream subareas  affect  the  relation  of  sediment- 
delivery  ratio  and  drainage  area  by  decreasing 
the  watershed-delivery  ratio  as  they  coalesce  to 
increase  watershed  area  and  decrease  watershed 
average  slope.  By  isolating  a  class  or  category  of 
subarea  not  represented  by  the  sediment-deliv- 
ery ratio  curve,  which  has  lower  sediment-deliv- 
ery ratios  than  those  represented  by  the  curve, 
an  inherent  limitation  on  the  use  of  the  sediment 
delivery  ratio-drainage  area  relation  has  been 
delineated,  and  a  solution  has  been  found  to  the 
decreasing  sediment-yield  rate  dilemma. 

To  see  how  the  dilemma  is  resolved,  consider  a 
hypothetical  watershed  of  60  mi2  composed  of  10 
equal  subareas  (fig.  2).  Erosion  is  computed  by 
the  universal  soil  loss  equation.8  Only  long-term 
average  rates  for  sheet  and  rill  erosion  are  being 
considered.  Sediment-delivery  ratios  are  from 
the  sediment-delivery  ratio  curve  (fig.  1).  The 
reason  for  specifying  6-mi2  subareas  and  a  60- 
mi2  watershed  is  to  allow  the  use  of  convenient 
delivery  ratios  (20  and  10  pet).  The  sediment 
yield  of  each  subarea  is  20  tons,  and  there  are  10 
subareas.  The  sum  of  the  subarea  yields  is  200 
tons,  twice  the  watershed  yield  of  100  tons.  Both 


7  Leopold,  L.  B.,  and  Maddock,  T.  1953.  The  hydraulic 
geometry  of  stream  channels  and  some  Physiographic 
implications.  U.S.  Geological  Survey  Professional  Paper 
252,  57  pp. 

8  Wischmeier,  W.  H.,  and  Smith,  D.  D.  1965.  Predicting 
rainfall-erosion  losses  from  cropland  east  of  the  Rocky 
Mountains.  U.S.  Department  of  Agriculture,  Agricul- 
ture Handbook  No.  282,  47  pp. 
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Figure  2. — A  hypothetical  watershed  consisting  of  10 
subareas. 

the  watershed  and  the  subarea  computations  ap- 
pear to  be  valid  applications  of  the  sediment- 
delivery  ratio.  The  dilemma  is  here:  The  differ- 
ence of  100  tons  (10  pet  of  the  computed  water- 
shed soil  loss)  between  the  watershed  yield  and 
the  sum  of  the  subarea  yields  is  too  great  an 
amount  to  be  dismissed  as  flood-plain  deposition. 

In  figure  3,  note  the  two  essentially  different 
types  of  subareas:  downstream  areas  with  flow- 
through  channels  (subareas  1,  2,  3,  4,  6,  and  8) 
and  upstream  areas  without  flow-through  chan- 
nels (subareas  5, 7,  9,  and  10) .  Points  on  the  sedi- 
ment delivery  ratio-drainage  area  plot  represent 
the  latter  type.  The  sediment-delivery  ratio  curve 
does  not  represent  the  downstream,  truncated 
subareas.  Assuming  that  the  sediment-delivery 
ratio  curve  is  valid  for  the  upstream  subareas, 
delivery  ratios  of  20  pet  are  appropriate  for  sub- 
areas  5,  7,  9,  and  10.  The  total  erosion  for  these 
four  subareas  is  400  tons,  and  the  sediment  yield 
is  20  pet  of  400,  or  80  tons.  The  earlier  estimate 
of  100  tons  sediment  yield  for  the  entire  water- 
shed remains  valid.  By  considering  only  4  of  the 
10  subareas,  80  of  the  100  tons  of  watershed 
yield  are  accounted  for.  Since  the  erosion  on  the 
remaining  six  subareas  is  600  tons  and  since  the 
sediment  yield  from  these  six  areas  must  be  20 
tons  to  give  a  watershed  total  of  100  tons,  a  sedi- 
ment-delivery ratio  of  3l/3  pet  is  indicated  for 
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10  subareas  have  average  slopes  of  20  pet,  then 
the  remaining  watershed  area  must  have  an 
average  slope  of  3!/3  pet. 

To  complete  the  example,  the  sediment-deliv- 
ery ratio  for  subarea  5  might  be  reduced  to  10 
pet  because  5  is  an  interior  subarea  and  could  be 
expected  to  have  lower  average  slopes  than  the 
peripheral  subareas  7,  9,  and  10.  This  change 
would  reduce  the  total  sediment  yield  of  sub- 
areas  5,  7,  9,  and  10  from  80  tons  to  70  tons,  and 
the  average  sediment-delivery  ratio  indicated  for 
the  remaining  six  subareas  would  increase  to  5 
pet.  As  shown  in  figure  4,  subareas  1,  2,  3,  4,  6, 
and  8  are  then  assigned  delivery  ratios  distrib- 
uted around  this  average  value  of  5  pet,  with  the 
higher  values  going  in  the  upper  reaches  and  the 
lowest  value  going  to  the  downstream  subarea. 

Table  1  and  figure  5  show  the  complete  sedi- 
ment routing  for  this  example.  The  valley  sec- 
tions represent  cumulative  values  as  distinct 
from  individual  subarea  values.  In  a  sediment- 
routing  situation,  the  sediment-delivery  ratio 
curve  might  be  used  as  a  guide  in  selecting  deliv- 
ery ratios  for  upstream  subareas  and  a  delivery 
ratio  for  the  entire  drainage  area.  Based  on  these 
upstream  and  downstream  parameters,  sedi- 
ment-delivery ratios  for  intermediate  subareas 
are  selected  so  that,  routing  progressively  down- 
stream, the  cumulative  sediment  yield  of  the  sub- 


Table  1. — Sediment-y  ield  routing 


Subarea 

Valley 
section 

Drainage 
area 
(mi2) 

Erosion 
(tons) 

Delivery 
ratios 
(pet) 

Sediment 
yield 
(tons) 

7 

A 

6 

100 

20 

20 

8 

6 

100 

10 

10 

7  +  8 

B 

12 

200 

"30 

4 

6 

100 

5 

5 

5 

6 

100 

10 

10 

4+5+7+8 

C 

24 
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~45 

2 

6 

100 

2 

2 
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! 
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~47 

9 

~e 
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20 
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10 

6 
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20 

20 

9  +  10 

D 

12 
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6 

6 
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10 

10 

6  +  9  +  10 

E 

18 
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3 

6 
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2 

2 
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24 
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Figure  3. — Sediment  yields  based  on  adjusted  sediment- 
delivery  ratios. 


these  six  subareas.  This  does  not  appear  unrea- 
sonable if  it  is  assumed  that  sediment-delivery 
ratios  and  average  land  slope  will  vary  in  about 
the  same  manner.  If  the  average  land  slope  of 
the  example  watershed  is  10  pet,  and  if  4  of  the 
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Figure  5. — Location  of  valley  sections  listed  in  table  1. 

areas  approximates  the  sediment  yield  from  the 
entire  watershed. 

In  a  real  watershed,  as  in  this  example,  a  con- 
stant assumed  erosion  rate  may  be  used  to  derive 
subarea  delivery  ratios  compatible  with  the  wa- 
tershed delivery  ratio.  These  delivery  ratios 
would  then  be  applied  to  the  actual  computed 
erosion  rates  for  each  subarea.  This  method  of 
deriving  sediment-delivery  ratios  for  down- 
stream subareas  would  become  tedious  when  ap- 


plied to  actual  watersheds  with  many  subareas  of 
many  different  sizes.  A  computer  program  could, 
of  course,  be  developed  to  do  the  job.  Such  com- 
puter-generated delivery  ratios  would  be  only  a 
first  approximation  of  a  compatible  subarea  de- 
livery ratio  system.  The  system  would  require  re- 
finement and  balancing  based  on  judgment. 

An  alternative  to  this  method  of  deriving  sedi- 
ment-delivery ratios  would  be  to  construct  a  de- 
livery-ratio curve  based  on  average  land  slope. 
Such  a  curve  would  be  valid  for  both  types  of  sub- 
areas  discussed  here.  Because  slope  configura- 
tion, as  well  as  steepness,  influences  the  effi- 
ciency of  overland  sediment  transport  (Meyer 
and  Wischmeier,  cited  in  footnote  6) ,  some  kind 
of  allowance  for  slope  configuration  would  need 
to  be  built  into  the  curve  or  applied  in  interpret- 
ing/the curve. 

If  all  independent  variables  in  the  universal 
soil  loss  equation  except  slope  were  random  with 
respect  to  drainage  area,  then  erosion  rates 
might  be  expected  to  decrease  as  slope  decreases 
with  increasing  drainage  area.  Erosion  rates  are 
generally  independent  of  drainage  area,  and  this 
expected  slope  effect  fails  to  appear.  Systematic 
decreases  in  the  slope  factor  could  not  be  offset 
by  systematic  changes  in  the  slope  length  factor 
of  the  equation.  Slope  length  has  not  been  shown 
to  vary  consistently  with  slope  or  with  drainage 
area  and,  in  any  case,  is  much  less  significant 
than  the  slope  factor  in  the  equation. 

Because  flatter  land  tends  to  have  more  inten- 
sive land  use  than  steeper  land,  there  would 
seem  to  be  an  indirect  relationship  between  the 
unified  soil  loss  equation  cover  factor  and  drain- 
age area.  In  considering  the  relationship  between 
the  universal  soil  loss  equation  and  drainage 
area,  it  is  suggested  that  as  drainage  area  in- 
creases and  average  slope  decreases,  the  equation 
slope  factor  becomes  less.  At  the  same  time,  more 
intensive  land  use  on  flatter  land  causes  an  in- 
crease in  the  equation  cover  factor.  This  second- 
ary and  highly  erratic  cover  factor  increase 
overwhelms  the  slope  factor  decrease  and  insures 
a  wide  range  of  erosion  rates.  The  net  result  is 
that  erosion  rates  are  generally  independent  of 
drainage  area. 
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RELATIVE  CONTRIBUTIONS 
OF  SEDIMENT  FROM  SOURCE  AREAS 
AND  TRANSPORT  PROCESSES 


By  Henry  W.  Anderson- 


INTRODUCTION 


In  evaluating  the  relative  contribution  of  sedi- 
ment sources  and  transport  processes  that  affect 
streams  in  forests,  we  face  problems  of  what 
sedimentation  characteristics  should  be  consid- 
ered, where  in  the  watershed  the  characteristics 
were  measured  or  determined,  and  how  well  we 
sampled  their  time  and  spatial  variations.  In 
evaluating  the  contribution  of  the  sediment 
sources,  we  must  also  consider  the  unique  charac- 
teristics of  the  environment;  that  is,  the  hydro- 
logic  characteristics  of  the  soil  mass,  the  terrain 
situation  which  the  soil  mass  often  occupies,  the 
erosional  processes,  and  the  high  sensitivity  of 
each  process  to  change. 

Typically,  forest  soils  show  wide  variation  in 
physical  characteristics  associated  with  the  geo- 
logic origin  of  the  parent  material  and  variation 
in  weathering  processes.  Soils  anchored  by  tree 
roots  often  occupy  slopes  which  would  be  beyond 
the  natural  angle  of  repose  for  the  geologic  mate- 
rial. The  steep  slopes  are  subject  to  an  erosional 
process  that  consists  of  channel  cutting  over  long 
periods,  mass  soil  creep,  and  soil  occasionally 
sliding  from  lower  slopes  into  the  channel.  Ero- 
sion is  but  one  of  the  three  basic  processes  of 


sedimentation;  the  other  two  are  sediment  trans- 
port and  deposition.  Each  of  the  three  processes 
may  in  turn  serve  as  a  source  of  sediment,  or  be 
involved  in  the  transport  process — depending  on 
the  particular  measurement  of  sediment  delivery 
being  considered. 

Let  me  define  what  I  mean  by  each  of  the  three 
basic  processes.  Erosion  is  the  detachment  or 
initial  spatial  displacement  of  soil,  rock,  or  or- 
ganic matter  by  whatever  agent  in  whatever 
state.  Sediment  transport  is  the  movement  of 
erosion  end  products  after  initial  displacement, 
including  illuviation  of  particles  downward  into 
the  soil  or  rock.  Deposition  is  temporary  or  per- 
manent halting  of  a  portion  of  transported  ero- 
sion products. 

In  this  symposium  we  are  emphasizing  forest 
land  use  and  stream  environment.  I  will  concen- 
trate on  sediment  sources  and  transport  proc- 
esses that  affect  the  stream  environment  in 
terms  of  contributing  to  streamf  low  quality  or  to 
stream  channel  characteristics.  Let  me  work 
backward  from  various  measurements  of  deliv- 
ery of  stream  sediments  to  the  transport  proc- 
esses and  finally  to  the  sediment  sources. 


MEASURES  OF  SEDIMENTATION 


Measures  of  sedimentation  depend  on  the 
measuring  device,  where  sediment  is  measured, 
and  the  representativeness  of  our  sample  of  time 


1  Paper  originally  presented  at  the  Symposium  on 
Forest  Land  Uses  and  Sti-eam  Environment,  Oregon 
State  University,  October  19-21, 1970. 

2  Chief  research  hydrologist,  Pacific  Southwest  Forest 
and  Range  Experiment  Station,  Forest  Service,  U.S.  De- 
partment of  Agriculture,  P.O.  Box  245,  Berkeley,  Calif. 
94701. 


variation  of  sediment-producing  events.  The 
usual  measures  of  sediment  include  sediment 
deposition  as  in  reservoirs  or  channels,  suspend- 
ed-sediment concentration  in  streamflow,  and 
bedload  movement.  Each  of  these  measures  may 
be  expressed  in  a  variety  of  ways  that  are  most 
meaningful  to  particular  kinds  of  damage  (or 
sometimes  benefits)  associated  with  the  sedi- 
mentation. 
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DEPOSITION  MEASUREMENTS 


Deposition  of  sediments  may  be  measured  in 
reservoirs,  in  channels,  or  sometimes  in  natural 
lakes  or  lagoons.  Deposition  in  reservoirs  prob- 
ably comes  closest  to  being  measures  of  the  total 
sediment  delivery  from  watersheds.  However, 
this  measure  is  true  only  if  the  reservoir  is  large 
enough  to  insure  nearly  100  pet  efficiency  in 
trapping  all  the  incoming  sediment;  otherwise, 
corrections  for  trap  efficiency  must  be  made, 
often  by  measuring  the  reservoir  capacity  per 
unit  of  water  inflow. 

Measurement  of  deposition  is  performed  in 
several  ways:  by  a  series  of  ranges  or  points  that 
determines  the  height  of  the  sediment  in  a  reser- 
voir at  two  or  more  separate  times;  by  probing 
sediment  to  determine  its  depth;  or  by  seismic 
determination  of  sediment  depth.  Loss  of  reser- 
voir capacity  in  relation  to  the  frequency  at 
which  that  capacity  would  be  utilized  is  a  com- 
mon measure  of  the  damage  associated  with  the 


sediment.  Other  measures  consider  the  effects 
of  sediment  on  water  quality  and  shore  and  bot- 
tom environments. 

Sediment  deposition  in  the  channels,  lakes,  or 
lagoons  may  be  determined  by  the  same  methods 
used  in  reservoirs;  however,  the  damage  associ- 
ated with  these  depositions  varies.  Damage  from 
channel  depositions  may  result  if  the  channel's 
capacity  to  carry  flood  flows  is  limited;  hence, 
an  area  may  be  flooded  unless  a  channel  has  full 
capacity.  The  effects  of  different  materials  de- 
posited in  channels  and  even  the  time  or  sequence 
of  depositions  of  different  sizes  of  materials  will 
be  discussed  in  several  papers  at  this  symposium. 
Deposition  in  lakes  and  lagoons  may  necessitate 
removal  by  excavation  or  may  result  in  esthetic 
damage  or  damage  to  natural  habitats.  Thus, 
deposition  of  sediment  is  one  of  the  important 
measures  of  sedimentation  because  it  is  respon- 
sible for  a  variety  of  damage. 


CHANNEL-TRANSPORTED  SEDIMENTS 


Sediments  transported  in  channels  are  usually 
considered  in  two  categories,  suspended  sedi- 
ment and  bedload  sediment  discharge,  although 
in  many  circumstances  no  clear  distinction  can 
be  made.  Suspended  sediment  in  streamflow  is 
commonly  measured,  both  because  of  its  import- 
ance in  water  quality  and  because  it  is  considered 
to  be  a  useful  index  of  total  sediment  discharge 
and  future  expected  sediment  deposition.  In  a  re- 
cent appraisal  of  water  quality  in  the  United 
States,  suspended  sediment  was  said  to  be  80  pet 
of  the  problem.  Although  suspended  sediment  is 
often  used  as  an  index  to  total  sediment  dis- 
charge, it  may  vary  widely  as  a  proportion  of  the 
total  land  load.  Suspended  sediment  in  the  Rhine 
River,  for  instance,  is  said  to  be  only  10  pet  of  the 
total  load;  in  contrast,  it  is  said  to  be  96  pet  of 
the  total  load  in  the  Eel  River  at  Scotia.  The  pro- 
portion of  bedload  can  also  vary  rather  widely 
within  parts  of  single  watersheds. 

Meaningful  measurements  of  suspended  sedi- 
ment may  involve  determination  of  the  total  sus- 
pended load;  the  distribution  of  sediment  concen- 
trations, either  expressed  as  a  percentage  of  the 
days  of  the  year  or  of  the  total  volume  of  water 
with  various  sediment  concentrations;  or  the 
sediment  concentrations  at  various  times  of  the 
year. 


Total  suspended-sediment  discharge  from  wa- 
tersheds has  been  determined  in  two  principal 
ways.  In  the  first  way,  sediment  is  measured 
often  enough  in  a  year  so  the  sediment  concentra- 
tion curve  may  be  shown  in  relation  to  the 
streamflow  discharge  curve.  Then,  a  simple 
product  of  sediment  concentration  times  day-by- 
day  waterflow  is  considered  total  sediment  dis- 
charge. The  second  way  (the  so-called  flow-dura- 
tion method)  associates  sediment  concentration 
with  discharge  (fig.  1).  Discharge  times  the 


Streom  discharge (cfs) 

Figure  1. — Increase  in  sediment  concentration  with  in- 
crease in  stream  discharge,  Eel  River  at  Scotia,  1958. 
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probability  of  that  discharge  times  sediment 
concentration  yields  expected  sediment  dis- 
charge for  expected  streamf low.  The  first  meth- 
od gives  a  sediment  estimate  for  a  particular 
year;  the  second  method  gives  an  estimate  of 
average  expectancy  under  the  conditions  of 
streamflow  and  watershed  conditions.  For  years 
with  average  streamflow  distribution,  the  two 


methods  give  essentially  the  same  results  (15). 3 
Anderson  (1,  2)  and  Wallis  and  Anderson  (15) 
used  the  flow-duration  method  to  determine 
average  expected  total  sediment  discharge  for  29 
streams  in  western  Oregon  and  for  23  to  31 
streams  in  northern  California. 


3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erated  Cited"  at  the  end  of  this  paper. 


SUSPENDED-SEDIMENT  SOURCES  AND  CAUSES 


Two  of  these  studies  related  suspended-sedi- 
ment production  from  watersheds  to  basic  causes 
and  sources  on  the  watersheds.  The  general 
model  was  as  follows:  Suspended  sediment  pro- 
duced by  a  watershed=/  (meteorological,  ter- 
rain, land  use  and  condition,  soil  characteris- 
tics) .  Both  the  study  of  29  watersheds  in  Oregon 
(1 )  and  the  study  of  23  watersheds  in  California 
(15)  used  multivariate  analysis  of  the  relation 
of  suspended  sediment  to  the  cause-variables  in 
the  watersheds. 

One  result  of  the  Oregon  study  was  the  propor- 
tioning of  sediment  contributed  by  forest,  agri- 
cultural land,  and  main  channels.  Another  result 
was  a  prediction  of  expected  future  increases  in 
sediment  production  from  forests  of  western 
Oregon  because  of  future  road  development  and 
logging.  If  we  assume  that  future  logging  will  be 
as  effective  as  past  logging  and  that  projected 
road  development  will  follow  past  patterns  and 
eventually  occupy  6  pet  of  each  watershed,  we 
may  expect  sediment  to  increase  by  a  factor  of 
four.  Eighty  pet  of  the  increase  would  be  associ- 
ated with  road  development,  and  20  pet  with 
logging  independent  of  roads.  Such  increases 
would  inevitably  change  the  relative  contribution 
of  source  areas  versus  channel  erosion. 

The  study  of  California  watersheds  estimated 
the  following  increases  in  sediment  production 
associated  with  present  average  land  uses  as  con- 
trasted with  absences  of  such  land  use  in  the 
watersheds: 

1.  Conversion  of  14.8  pet  of  steep  watershed 
lands  from  brush  or  tree  forest  to  grassland 
multiplied  sediment  by  4.7. 

2.  Fires  in  the  last  10  years  on  5.3  pet  of  the 
watershed  areas  multiplied  sediment  by  2.3. 

3.  "Poor  logging"  of  1.4  pet  of  the  area  in- 
creased by  26  pet. 


Surface/ 

aggregation 
&eologIC  type  ratio 

(cm  2/pct) 

Silt  + 
clay 
(pet) 

Gravel 
(pet) 

Recent  volcanic  (QV)   275 

17 

10 

Young  volcanic  (QPV)  ....204 

20 

26 

Columbia  basalt  (PMv)  ....  59 

20 

60 

Marine  sedimentary  (M-K)  46 

28 

54 

Jurassic-Triassic  ( JTR)  ...  53 

19 

66 

I>evonian  (D)    23 

20 

77 

Eocene  volcanic  (Ev)    17 

40 

47 

4.  Conversion  of  0.6  pet  of  a  watershed  into 
low-standard  roads  increased  sediment  by  24  pet. 

Thus,  associated  with  these  four  factors  of 
man's  use  was  a  17-fold  maximum  increase  in 
sediment.  One  of  the  largest  future  potentials  is 
indicated  for  roads,  if  projected  roads  eventually 
occupy  6  pet  of  the  area  rather  than  0.6  pet  as  has 
been  the  case  in  the  past. 

An  earlier  study  of  suspended-sediment  dis- 
charge in  western  Oregon  (1 )  included  an  analy- 
sis of  the  effect  of  watershed  variables  on  sus- 
pended sediment  expressed  as  average  number 
of  turbid  days  per  year.  The  relations  obtained 
between  turbid  days  and  soil  and  geology  of  wa- 
tersheds are  pertinent  to  the  objective  of  this 
symposium.  The  analysis  showed  that  the  num- 
ber of  turbid  days  (days  on  which  suspended 
sediment  in  the  streamflow  was  more  than  27.5 
p/m)  was  related  to  the  amount  of  silt  plus  clay 
in  the  watershed  soils,  the  surface/aggregation 
ratio  of  the  soils  (1 ) ,  and  the  percentage  of  grav- 
el in  the  soils.  The  range  in  number  of  turbid  days 
between  watersheds  was  from  5  to  204  d/yr.  The 
range  between  watersheds  of  each  soil  variable 
and  the  independent  effect  of  that  range  on  the 
number  of  turbid  days  was  as  follows:  silt  plus 
clay  (range  19.1-29.2  pet) — 2.34;  surface  erodi- 
bility  index  (range  26-178) — 8.55;  and  gravel  in 
soils,  >2  mm  (range  17-67  pet)— 0.23. 
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To  illustrate,  the  results  showed  that  a  water- 
shed soil  with  29.2  pet  silt  plus  clay  had  2.34 
times  as  many  turbid  days  as  one  with  19.1  pet 
silt  plus  clay.  Soil  erodibility  was  also  important, 
and  gravel  content  of  soils  of  67  versus  17  pet 


decreased  turbid  days  to  less  than  one-quarter. 
The  study  showed  that  turbidity  of  the  streams 
was  highly  related  to  the  soil  characteristics,  and 
these  were  predictable  from  the  geology  in  the 
watershed.  (See  table  on  page  68.) 


CHANNEL  PROCESSES 


Transport  physics  and  channel  stability  and 
permeability  may  influence  the  relative  contri- 
bution of  sediment  sources  and  channel  proc- 
esses to  sediment  discharge  from  watersheds. 
The  basic  properties  that  control  the  transport 
of  sediment  in  channels  include  the  volume  of 
water,  the  excess  weight  of  the  solids  over  that 
of  a  like  volume  of  the  water,  the  mean  rate  of 
potential-energy  loss  as  the  flow  descends  the 
gravity  slope  of  the  stream,  and  the  efficiency 
rate  of  the  transport  work  done.  The  efficiency 
rate  involves  the  relative  velocity  or  slip  velocity 
between  the  water  and  the  sediment  particles 
(3).  The  excess  weight  of  particles  fine  enough 
to  be  carried  in  suspension  is  supported  by  the 
upward  forces  exerted  on  the  grains  by  the  ed- 
dies of  internal  turbulence.  The  potential-energy 
loss  in  the  falling  particles  as  sediment  moves 
down  a  normal  stream  is  130  times  as  great  as 
the  energy  required  to  maintain  the  particles  in 
suspension  (9) .  In  the  transport  of  bedload,  the 
excess  weight  is  supported  by  periodic  contact 
with  the  bed,  the  bedload  moving  by  jumps  (3) . 

The  volume  of  water  in  a  stream  may  not  be 
constant.  Loss  of  volume  by  percolation  into 
stream  channels  or  into  bank  storage  or  even  by 
overflow  of  channel  banks  at  some  places  may 
cause  deposition  because  of  loss  of  velocity.  On 
the  other  hand,  rising  ground  water  within  the 
channel  may  initiate  motion  in  particles  which 
would  not  be  moved  under  ordinary  stream  velo- 
cities. Clayton  et  al.  (5)  reported  for  a  stream 
in  Alaska  that  rising  ground  water  increased  the 
competence  of  the  flow  to  move  bedload  by  a  fac- 
tor of  1,000.  Ground- water  inflow  in  effect  lifted 
the  whole  streambed  into  movement,  starting 
rapid  sediment  transport.  The  opposite  effect  of 
water  percolation  into  channel  bottoms  and  into 
bank  storage  is  a  familiar  phenomenon  in  initiat- 
ing sediment  deposition  in  arid  land  channels; 
both  percolation  and  rising  ground  water  may 
sometimes  be  important  phenomena  in  humid 
forest  environments. 

That  channel  processes  and  the  energy  in- 


volved may  create  sediment  is  indicated  by  the 
intuitive  idea  of  internal  grinding  of  material 
during  transport  of  sediment.  We  may  express 
quantitatively  conversion  of  bedload  to  suspend- 
ed load  by  examining  some  estimates  of  bedload 
for  two  reaches  of  the  Eel  River  in  California 
(-4),  and  some  data  on  the  total  suspended-load 
discharge  published  by  the  U.S.  Geological  Sur- 
vey (14).  Brown  and  Ritter  (4)  estimated  the 
bedload  to  be  30  pet  of  the  total  load  in  the  upper 
reaches  of  the  Eel  River  and  only  4  pet  of  the 
total  load  at  the  downstream  discharge  point  at 
Scotia.  There  is  no  evidence  that  bedload  is  being 
lost  by  deposition  in  downstream  channel  reach- 
es, so  we  may  hypothesize  that  bedload  is  partly 
converted  to  suspended  load  between  the  upper 
and  lower  channel  reaches.  With  some  minor  as- 
sumption, such  as  the  breakdown  of  sediments 
being  proportional  to  the  river-miles  traveled, 
we  may  make  the  following  estimates  of  the  con- 
version of  bedload  to  suspended  load  and  esti- 
mates of  the  converted  suspended  load  in  the  up- 
per, middle,  and  total  watershed: 


Sediment  (million  tons/yr) 

Bedload 
contri- 

Bed-     „  .  ,  bution 
,     ,     Total  , 
load  to  sus- 

pended 
sediment 


Area 


Drainage  Sus- 
(mi2)  pended 


Upper  Eel  .  . -1,132         6.3  2.7         9.0  3.3 

Middle  Eel  ....1,632       15.5       -1.7       15.5  4.9 
Total  ...2,764       23.5  1.0       24.5  8.5 


We  see  that  89  pet  or  8.3  million  tons,  of  the 
total  of  9.3  million  tons  of  bedload  generated  in 
the  whole  basin  become  suspended  load  in  travel- 
ing through  the  channels  to  the  watershed  dis- 
charge point  at  Scotia.  These  figures  help  explain 
the  higher  suspended-sediment  concentrations  in 
the  lower  Eel  than  in  the  upper  tributaries,  and 
might  have  important  implications  in  sediment 
control. 
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SURFACE  EROSION 


Surface  soil  erosion — another  basic  division  of 
sedimentation — consists  of  two  processes,  mass 
movement  and  surface  erosion.  Mass  movement 
has  usually  been  divided  into  two  parts:  soil 
creep;  and  a  variety  of  soil,  debris,  and  rock 
slides.  In  surface  soil  wash  erosion,  the  usual 
sheet  erosion,  rill  erosion,  and  gully  erosion  are 
frequently  studied. 

Surface  erosion  is  usually  measured  by  means 
that  do  not  permit  direct  accounting  for  its  con- 
tribution to  sediment  transported  or  to  sediment 
discharged  from  watersheds.  In  the  usual 
methods,  eroded  material  is  caught  in  troughs, 
or  change  of  soil  depth  is  measured  by  pins  or 
transects.  Because  trough  catches  are  usually 
from  plots  that  are  less  than  full-slope  length,  the 
slope  erosion  process  is  restricted  by  the  plot,  and 


erosion  measurements  are  low.  Measurements  by 
pins  are  frequently  faulty;  they  confound  loss  of 
soil  with  compaction  and  illuviation  of  particles. 
The  use  of  transects  has  the  same  limitation  ex- 
cept where  erosion  is  gross,  such  as  by  gullying. 
Limitations  in  the  techniques  for  direct  measure- 
ment of  surface  erosion  make  it  difficult  to  deter- 
mine the  effects  of  differences  in  forest  land  use 
and  management  on  erosion-induced  damage. 

Surface  erosion  by  overland  flow  at  forest  sites 
is  usually  associated  with  intense  rainstorms 
that  follow  baring  of  the  soil  by  roads,  fire,  over- 
grazing, mass  soil  movement,  or  other  causes. 
Some  appraisal  of  the  contribution  of  these 
sources  to  sediment  discharge  from  watersheds 
has  been  made. 


MASS  SOIL  MOVEMENT 


The  general  role  of  landslides  versus  other 
processes  in  contributing  to  sediment  discharge 
from  watersheds  was  determined  for  the  Pacific 
Southwest  Interagency  Basin  Survey  (12).  The 
contributions  of  landslides,  streambank  erosion, 
and  land  surface  erosion  to  sediment  discharge 
from  the  north  coast  watersheds  of  California 
were  estimated  as  follows: 

Pet 

Landslides    25 

Streambank  erosion   55 

Land  surface  erosion   20 


For  the  same  general  area,  Kojan  (8)  evalu- 
ated the  role  of  soil  creep  erosion  in  contributing 
to  total  sediment  discharge.  He  related  measure- 
ments of  soil  creep  on  slopes  to  the  total  channel 
slopes  involved  and  estimates  of  soil  depth.  His 
evaluation  indicated  that  soil  creep  was  contrib- 
uting about  750  tons/mi2/yr  to  sediment  en- 
croachment on  channel  banks;  this  encroachment 
would  then  contribute  to  sediment  discharge. 
Thus,  of  the  average  total  sediment  discharge  of 
4,880  tons/mi2/yr  (15),  soil  creep  contributed 
about  15  pet. 


STREAMBANK  EROSION 


I  determined  the  contribution  of  streambank 
erosion  to  sediment  discharge  in  the  Willamette 
Basin  of  western  Oregon,  after  evaluation  of 
sediment  contributed  from  forest  lands  and  ero- 
sion of  agricultural  lands  (1) .  The  U.S.  Army 
Corps  of  Engineers  determined  the  length  of 
eroding  channel  banks  (11) .  The  total  sediment 
discharge  annually  from  the  basin  above  Salem 
was  1,995,000  tons.  Of  this  tonnage,  the  propor- 
tion attributed  to  three  factors  was  as  follows: 
from  the  5,460  mi-  of  forest  land — 24  pet;  from 
the  1,820  mi2  of  agricultural  land — 22  pet;  and 
from  the  205,000  ft  of  eroding  main  channel — 54 
pet. 

These  data  are  for  the  condition  of  channels 
and  forests  and  agricultural  lands  in  1950;  with 


the  channel  rectification,  construction  of  major 
reservoirs,  and  perhaps  other  changes  in  the  wa- 
tershed, other  breakdowns  of  sediment  discharge 
from  the  Willamette  Basin  might  now  be  occur- 
ring. 

Other  studies  have  indicated  the  importance  of 
channel-bank  erosion  in  stream  sediment  dis- 
charge. Striffler  (10),  in  a  study  of  the  trout 
habitat  of  streams  in  Michigan  and  the  relation 
of  sediment  to  that  habitat,  concluded  that  28 
pet  of  the  sediment  production  was  associated 
with  streambank  erosion.  The  literature  seems 
particularly  barren  of  quantitative  relationships 
of  the  role  of  land  surface  erosion  in  causing 
streambank  erosion. 
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EFFECTS  OF  MAJOR  FLOODS 

We  might  think  that  large  watersheds  were  here.  Two  studies  report  on  surveys  of  land- 
relatively  stable  and  that  variation  in  the  sedi-  slides  after  floods  in  Oregon, 
ment  discharge  from  watersheds  from  year  to         Dyrness  (6)  found  that,  on  the  H.  J.  Andrews 
year  are  related  closely  to  the  rain  and  snowmelt  Experimental  Forest,  the  number  of  landslides 
events  that  produce  streamflow,  at  least  under  per  1,000  acres  produced  by  the  1964-65  floods, 
constant  land  use  and  development.  As  far  as  we  for  three  types  of  land  use,  was  as  follows: 
could  detect  from  recent  records,  this  had  appar- 
ently been  true  for  some  time  before  the  appear- 
ance of  the  major  floods  of  December  1964.  Now  Landslides/ 

we  have  evidence  that  the  watersheds  were  xr^fT^     *  1,000  acres 

.  .  „  .    ,  ,     _  Undisturbed  forest   0.4 

changed  for  some  period  after  the  flood,  and  the  Logging   3.9 

magnitude  of  change  depended  in  part  on  the  Road  construction  125.9 

land  use  and  condition  of  watersheds  that  the 

flood  found.  Similar  results  were  found  in  a  general  survey 

Four  recent  studies  give  some  quantitative  ex-  m  western  Oregon  forests  of  725  soil  and  debris 

pression  to  changes  in  sedimentation  after  these  slides  found  after  the  1964-65  floods  (13) : 
major  floods.  One  study  reports  increases  in  sus- 
pended-sediment discharge  from  16  watersheds 

associated  with  the  floods  and  land  use  conditions  Slides 

before  the  flood  in  northern  California  (2).  Oth-  _  LanAd  "seu  .  (pctni 

.  _ .  In  undisturbed  areas   22 

er  data,  simply  comparing  sediment  concentra-  Associated  with  logged  areas   24 

tions  before  and  after  the  flood,  will  be  given  Associated  with  roads    54 

SUSPENDED  SEDIMENT 

Changes  in  the  average  sediment  concentra-  creases  in  sediment  discharge  from  the  major 

tion  in  streamflow  is  another  measure  of  the  ef-  floods  than  low-elevation  watersheds.  Sediment 

fects  of  major  floods  on  sedimentation.  Sediment  increases  in  high-elevation  watersheds  averaged 

concentration  for  like  flows  (long-term  flow  three  times  those  in  low-elevation  watersheds. 

probabilities)  during  1963  before  the  1964  flood  The  average  area  of  "poor  logging"  in  the  water- 

and  during  1967  after  the  flood  for  two  streams  sheds — logged  areas  where  the  roads  were  adja- 

in  northern  California  and  for  the  south  Umpqua  cent  to  streams  and  landings  were  in  draws — 

in  Oregon  showed  the  following  differences:  was  19.2  acres/mi2  of  the  watershed.  Compared 

with  watersheds  having  no  such  poorly  logged 

guspen(jed  areas,  sediment  rates  in  the  first  year  after  the 

Watershed         sediment  (p/m)  Bft^  flood  increased  by  30  pet  for  18-yr-old  logging 

Before  After  /  and  by  200  pet  for  4-yr-old  logging.  For  the  sec- 

— —  — —   —— —   ond  year  after  the  flood,  the  average  sediment 

Van  Duzen    2,050  4,040  2.0  ,.    /         .  ,     „  ' 6   „.  , 

Trinity  117  430  3  7  discharge  increase  was  94  pet  of  the  first-year 

South  Umpqua  . .    100  205  2.0  increases;  for  the  third  year,  it  was  66  pet. 

The  effect  of  this  major  flood  on  channels  is 

illustrated  by  a  U.S.  Geological  Survey  study  of 

Of  course,  the  increases  in  the  sediment  con-  the  Eel  River  (7)-  The  streambed  of  the  upper 
centration  times  the  volume  of  streamflow  gives  Eel  Rivei%  after  the  floodj  rose  some  6>7  ft  over 
the  increase  in  suspended  sediment  discharge.  that  of  the  preflood  bed  height  (fig.  2) .  If  we 
Such  increases  were  determined  for  16  northern  convert  this  rise  to  total  deposition  in  the  three 
California  watersheds  and  the  relation  of  magni-  upper  Eel  River  tributaries,  we  get  an  estimate 
tude  of  the  increases  to  watershed  characteris-  0f  about  23,000,000  tons  deposited  in  the  chan- 
ties and  land  use  was  determined  by  principal  neis.  This  would  amoUnt  to  an  8-yr  equivalent  in 
components  analysis.  bedload.  Since  we  have  previously  calculated  that 

In  a  study  reported  in  1970  (2) ,  I  found  that  89  pet  of  the  bedload  from  these  upper  reaches 

high-elevation  watersheds  suffered  greater  in-  eventually  becomes  suspended  load,  we  can  ex- 
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-Sediment  deposition  in  channel  cross  section  following  December  1965  flood,  Middle  Fork  Eel  River  below 

Black  Butte  River.  (From  reference  7.) 


pect  increased  sedimentation  from  the  Eel  River 
associated  with  the  major  flood  and  the  associ- 
ated land  conditions  in  that  basin  to  persist  for 
manv  years.  The  Eel  at  Scotia  actually  showed 


such  a  persistence  of  high  sediment  discharge — 
24  million  tons  in  1966  and  23  million  tons  in 
1967,  compared  with  preflood  sediment  dis- 
charge of  13  million  tons/yr. 


CONCLUSIONS 


Quantitative  measurements  of  soil  character- 
istics, topography,  and  land-use  conditions  and 
the  meteorological  impacts  of  these  lands  have 
provided  the  basis  for  predicting  differences  in 
expected  sediment  production  from  these 
sources.  Several  studies  have  reported  evidence 
of  contributions  of  sediment  from  channel 
banks,  from  mass  movement  into  channels,  and 
from  channel  bed  materials.  We  have  first  ap- 
proximations of  expected  effects  of  land-use 


developments  on  future  sediment  discharge 
from  watersheds.  And  we  have  some  evidence 
that  combinations  of  major  flood-producing 
storms  and  conditions  of  watersheds  have  pro- 
duced higher  sediment  discharge  than  experi- 
enced in  the  recent  past.  The  wealth  of  quantita- 
tive information  now  accumulating  promises  to 
provide  us  in  the  future  with  more  exact  deter- 
minations of  the  relative  contribution  of  sedi- 
ment sources  and  transport  processes. 
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SEDIMENTATION  IN  RELATION  TO  LOGGING 
ACTIVITIES  IN  THE  MOUNTAINS 
OF  CENTRAL  IDAHO 

By  Walter  F.  Megahan1 

INTRODUCTION 


I  was  asked  to  report  on  the  topic  "Sediment 
Yields  Related  to  Logging  Activities."  However, 
this  general  topic  has  been  considered  in  detail 
by  a  number  of  researchers  in  recent  years  {5, 
9,10,13,15)  .2 1  think  it  would  be  of  more  interest 
to  review  the  past  and  current  research  of  the 
USDA  Forest  Service,  Intermountain  Forest 
and  Range  Experiment  Station,  dealing  with  the 
effects  of  logging  on  sedimentation  in  the  high- 
erosion-hazard  areas  found  in  the  Idaho  Batho- 
lith. 

The  Idaho  Batholith  is  a  16,000-mi2  expanse  of 
intrusive,  acid,  igneous  rock  in  central  Idaho 
(fig.  1) .  Various  granitic  rocks  are  found  in  the 
batholith,  but  quartz  monzonite  predominates. 
Soils  developed  from  these  granitic  rocks  gener- 
ally have  coarse  loamy  sand  to  sandy  loam  tex- 
tures; they  have  little  cohesion  because  of  their 
low  silt  and  clay  contents  (typically  10  and  5  pet, 
respectively).  Similar  soils  developed  from 
granitic  parent  materials  were  the  most  erodible 
to  be  found  in  Oregon  and  northern  California 
(1,  2).  Large-volume  rainstorms  or  large  quan- 
tities of  snowmelt  or  both  are  common. 

Most  of  the  topography  in  the  batholith  is  ma- 
ture, having  steep  slopes  separated  by  narrow 
ridges  and  valleys.  The  combination  of  steep  to- 
pography, extreme  soil  erodibility,  and  high  cli- 
matic stresses  creates  extreme  erosion  hazards 
even  on  land  in  the  undisturbed  state.  Soil  dis- 


turbances in  areas  of  this  type  can  increase  ero- 
sion and  subsequent  sedimentation  tremendous- 
ly. Fortunately,  such  high-erosion-hazard  lands 
are  not  found  uniformly  throughout  the  entire 
batholith.  There  are  limited  areas  where  erosion 
hazards  may  be  moderate  or  even  low  because  of 
moderated  relief  (caused  by  glaciation  or  dias- 
trophism)  or  soils  with  reduced  erodibility  (pre- 
dominantly caused  by  loess  deposits  on  top  of 
residual  soils) .  The  early  logging  in  the  batholith 
was  concentrated  on  the  more  accessible  of  the 
low-erosion-hazard  lands  because  the  gentle  re- 
lief facilitated  operations.  However,  by  about 
the  mid-1950's,  most  of  these  lands  had  been 
logged,  so  operations  were  extended  to  the  high- 
er-erosion-hazard areas. 

The  Forest  Service  has  been  studying  the  ef- 
fects of  logging  on  erosion  and  sedimentation  on 
such  high-erosion-hazard  areas  since  1960.  The 
sedimentation  studies  concentrate  on  three  pri- 
mary problem  areas,  which  are  to  characterize 
sedimentation  on  undisturbed  watersheds,  to 
quantify  the  effects  of  logging  and  the  attendant 
road  construction  on  such  watersheds,  and  to 
evaluate  the  downstream  impacts  of  accelerated 
sedimentation  and  the  duration  of  effects.  I  will 
outline  the  kinds  and  amounts  of  data  that  are 
available  as  well  as  some  of  the  results  of  our 
studies  to  date. 


SEDIMENTATION  ON  UNDISTURBED  WATERSHEDS 


We  define  undisturbed  watersheds  as  being 
free  from  extensive  activities  of  man,  e.g., 
logging,  grazing,  etc.,  except  as  noted  in  table  1. 


1  Research  hydrologist,  Intermountain  Forest  and 
Range  Experiment  Station,  Forest  Service,  U.S.  Depart- 
ment of  Agriculture,  Ogden,  Utah  84401. 

2  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 


To  date,  we  have  collected  82  station-years  of 
data  on  14  perennial  watersheds  ranging  in  size 
from  0.10  to  2.54  mi2.  The  dominant  timber  spe- 
cies on  all  14  watersheds  are  ponderosa  pine, 
Piniis  ponderosa  Laws,  and  Douglas-fir,  Pseu- 
dotsuga  menziesii  var.  glauca  (Beissn.)  Franco. 
These  watersheds  are  representative  of  the 
range  of  conditions  found  on  the  high-erosion- 
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Figure  1. — Location  map  of  the  Idaho  Batholith. 


hazard  lands  in  the  Idaho  Batholith.  Elevations  and  October  1),  we  use  a  network  of  closely 
on  the  14  watersheds  range  from  3,000  to  7,000  spaced  cross  sections  to  measure  the  amount  of 
ft;  side  slope  gradients  average  about  60  pet,  and      sediment  deposited  in  each  reservoir. 

(table1)gradientS  range  fr°m        t0  31*8  PCt         During  hi^h-water  Periods  in  1963'  we  co1" 

lected  a  series  of  suspended-sediment  samples  of 

Data  Collection  the  overflow  at  the  spillway  of  one  of  the  dams 

and  compared  these  samples  with  the  total  sedi- 

The  soils  in  the  batholith  are  coarse  textured;  ment  stored  in  the  reservoir.  The  results  showed 

size  fractions  for  a  typical  soil  are  shown  in  table  that  the  trap  efficiency  of  this  reservoir  ex- 

2.  Note  that  there  is  considerable  coarse  sand  and  ceeded  80  pet.  Similar  high-trap  efficiencies 

fine  gravel  in  these  soils;  however,  little  of  the  were  reported  by  Leaf  (8),  who  determined  that 

gravel  is  larger  than  7.9  mm.  This  particle-size  debris  basins  trapped  virtually  all  the  sediment 

distribution  results  from  the  nature  of  the  gran-  produced  from  high-elevation  watersheds  in 

itic  bedrock.  Colorado,  where  soil  textural  properties  are 

The  settling  velocities  are  high  for  most  of  the  quite  similar  to  those  in  the  batholith. 

soil  particles  (table  2).  Thus,  most  sediment  in 

this  area  is  carried  in  the  form  of  bedload;  in  fact,  Sediment  Yields 

the  streams  are  generally  crystal  clear,  becoming 

slightly  turbid  only  during  peak-flow  periods.  The  sediment-yield  data  shown  in  table  1  have 

Under  such  conditions  we  have  been  able  to  not  Deen  corrected  for  trap  efficiency  because 

use  small  detention  reservoirs  to  measure  sedi-  tms  information  has  not  been  determined  for  all 

ment  yields.  By  this  means,  water  levels  are  not  dams.  However,  our  preliminary  data  suggest 

altered  except  by  natural  changes  in  streamf  low.  that  the  tabulated  values  are  at  least  80  pet  of  the 

Storage  capacities  of  these  reservoirs  range  from  actual  sediment  yields.  Note  that  average  an- 

about  15  to  180  ydVmi2  of  drainage  area,  and  nual  sediment  yields  for  these  undisturbed  wa- 

sediment  accumulates  to  approximate  maxi-  tersheds  are  rather  low,  ranging  from  4.5  to  26.9 

mum  depths  from  4.0  to  7.0  ft.  To  maintain  ade-  yd3/mi2/yr.  Leaf  (8)  reported  average  sediment 

quate  storage  capacity,  we  flush  each  reservoir  yields  of  9.1  and  6.2  yd3/mi2/yr  for  two  undis- 

periodically  to  remove  all  accumulated  sediment,  turbed  forested  watersheds  in  the  Rocky  Moun- 

which  otherwise  would  remain  submerged  at  all  tams  m  Colorado. 

times.  Every  spring  and  fall  (on  or  about  June  1  As  might  be  expected,  the  data  for  the  individ- 

Table  1. — Available  annual  sediment  production  data  on  undisturbed1  study  ivatersheds  in  the  Idaho 

Batholith 

MiA                              Mean  „    .  ,  e         ,  Sediment  yield 

Arpn               Mia-  Period  of  record  ,      ,    .„  ,  .. 

Drainage       f  re*           elevation^  Dominant      channel  (ydVmiVyr) 

(mi")                (ft)          aspect         gradient-1  Water            Total  an  Standard 

(pet)  years            years  deviation 

Cabin                     0.40  5,030  SE  14.9  1966-72  7  22.6  24.2 

Control  78  5,240  SE  15.2  1966-72  7  4.5  3.8 

Eggers                     .50  5,685  SE  22.0  1966-72  7  16.0  13.0 

Ditch  41  5,350  SE  20.8  1966-72  7  33.8  30.4 

C  75  5,835  SE  21.5  1966-72  7  23.3  16.6 

D  47  5,789  SE  24.2  1965-72  8  22.8  15.5 

K-l  10  5,325  NW  31.5  1966-72  7  26.9  31.7 

Tailholt  Main  ....  2.54  5,665  SE  25.9  1961-67  7  5.8  6.8 

Tailholt  A  84  5,945  SSE  31.1  1968-71  4  21.8  16.9 

Tailholt  B  61  5,610  SE  30.9  1968-71  4  26.8  20.9 

Tailholt  C  56  5,400  ESE  31.8  1968-71  4  23.8  16.4 

Circle  End              1.45  5,645  SSE  26.6  1963-71  9  14.4  7.5 

Oompaul                 1.16  5,225  SSW  21.1  1960-62  3  9.6 

Hamilton  72  5,085  S  26.8                1962  1  18.5 

1  The  Ditch  Creek  watershed  contains  a  37-yr-old  low-standard  road. 

2  (Maximum  elevation — minimum  elevation) /2. 

3  (Total  relief/length  main  channel  to  the  upper  ridge)  100. 
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Table  2. — Particle-size  distribution  of  a  typical 
Idaho  Batholith  soil  and  the  corresponding  set- 
tling velocities 


Description1 

Particle  size 
(mm) 

Average 
composition 
(pet  by  wt) 

Settling 
velocity2 
(mm/s) 

Gravel  and  larger 



particles . . 

•  •  -  >7.9 

5 

>500 

Gravel  

•  •    2.0  7.9 

30 

250-500 

Sand  

...  0.25  2.0 

35 

25-250 

10 

5-25 

Do  

...  0.05  0.075 

5 

<5 

Silt  and  clay 

<0.05 

15 

1  According  to  U.S.  Department  of  Agriculture  stand- 
ard soil  classification  criteria. 

2  Settling  velocities  of  quartz  particles  with  shape  fac- 
tor =0.906  in  H20  at  20°  C  using  Pettyjohn  data  (7). 

ual  watersheds  varied  considerably  by  years.  As 
shown  in  table  1,  standard  deviations  tended  to 
vary  with  the  means;  this  indicates  that  annual 
sediment  yields  vary  more  in  the  streams  having 
high  yields.  We  used  a  log  Pearson  type  III  fre- 
quency analysis  (3)  to  develop  frequency  curves 
of  annual  sediment  yields  from  the  eight  undis- 
turbed watersheds  for  which  we  had  7  or  more 
years  of  record  (fig.  2).  These  curves  make  it 
possible  to  estimate  sediment  production  for  un- 
disturbed watersheds  for  probability  levels  rang- 
ing from  about  10  to  90  pet. 

Sediment  Properties 

In  another  study  initiated  in  1969,  we  evalu- 
ated the  volume  weights  of  sediment  deposited 


in  retention  reservoirs  (10) .  We  used  a  5.0-inch- 
diameter  by  5.0-inch-long  (98.8-cubic-inch)  core 
sampler  to  collect  a  total  of  29  volume-weight 
samples  from  7  reservoirs.  In  1970,  an  additional 
61  samples  were  collected  from  13  reservoirs.  All 
samples  were  analyzed  for  volume-weight  and 
for  percent  organic  matter  by  weight;  in  addi- 
tion, particle-size  distributions  were  determined 
for  the  1970  samples. 

The  particle-size  distribution  data  for  the  sedi- 
ment samples  are  summarized  in  table  3.  Note 
that  the  average  percentages  for  gravel  and 
larger  particles,  sand,  and  silt  plus  clay  are  34.2, 
64.1,  and  1.7,  respectively.  The  extremely  coarse 
texture  of  the  sediments  is  not  surprising,  be- 
cause similar  particle-size  classes  for  soils  in  this 
area  average  about  35,  50,  and  15  pet,  respec- 
tively (table  2). 

The  percentage  of  organic  matter  in  the  sedi- 
ment proved  to  correlate  reasonably  well  with 
the  sediment  volume-weight  (fig.  3).  Organic 
matter  content  for  all  90  samples  averaged  5.1 
pet;  it  ranged  from  less  than  1  to  over  60  pet  for 
individual  samples.  The  data  suggest  that  or- 
ganic sediments  may  account  for  a  substantial 
loss  of  water-storage  capacity  in  reservoirs  on 
forested  watersheds.  These  data  have  important 
ecological  implications  as  well.  For  example, 
high  levels  of  organic  matter  in  reservoirs  or 
streams  may  create  an  oxygen  demand  that  is 
detrimental  to  aquatic  life.  Conversely,  organic 
matter  can  play  an  important  role  in  the  aquatic 
food  chain. 


Table  3. — Particle-size  distribution  of  61  sediment  samples  taken  in  1970 


Description1 

Particle  size 
(mm) 

Composition  (pctbywt) 

Standard 
Average  deviation 

Composition 
(cumulative 
pctbywt) 

Gravel  and  larger  particles  •  •  • 

...  >7.9 

3.4 

7.0 

3.4 

Gravel   

  4.75-7.9 

5.3 

5.8 

8.7 

Do   

2.00-4.75 

25.5 

17.0 

34.2 

Sand   

  1.00-2.00 

22.7 

12.2 

56.9 

Do   

....  0.50-1.00 

16.0 

9.2 

72.9 

Do   

....  0.25-0.50 

11.8 

7.4 

84.7 

Do   

0.075-0.25 

12.6 

14.1 

97.3 

Do   

. .  .  0.05-0.075 

1.0 

1.7 

98.3 

  <0.05 

1.7 

3.5 

100.0 

1  According  to  U.S.  Department  of  Agriculture  standard  soil  classification  criteria. 

EFFECTS  OF  LOGGING  AND  ROAD  CONSTRUCTION 

The  first  study  to  evaluate  the  effects  of  log-      ducted  between  1960  and  1967  in  the  Deep  Creek 
ging  and  road  construction  on  typical  high-ero- 
sion-hazard lands  in  the  Idaho  Batholith  was  con- 


watershed  on  the  Payette  National  Forest  (11). 
Sediment-retention  dams  were  installed  in  eight 
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Figure  3. — Volume-weight  of  sediment  as  a  function  of  organic  matter. 


ephemeral  drainages  ranging  from  about  1  to  5 
acres  in  size.  On  five  of  the  study  watersheds 
(totaling  12  acres) ,  felled  trees  were  skidded  to  a 
truck-loading  area  by  a  skyline  method;  on  the 
remaining  watersheds  (totaling  10  acres) ,  felled 
trees  were  skidded  with  a  jammer.  Since  the  jam- 
mer cannot  reach  more  than  about  200  ft,  0.36 
mi  of  road  had  to  be  built;  thus  about  20  pet  of 
the  total  area  of  the  three  watersheds  logged  by 
the  jammer  method  was  disturbed  by  road  con- 
struction. In  contrast,  no  roads  were  constructed 
on  the  watersheds  logged  with  the  skyline 
method. 

Erosion  plots  located  within  the  logged  areas 
showed  no  statistical  difference  in  erosion  result- 
ing from  the  two  skidding  systems.  For  the  6-yr 
study  period,  sediment  yields  (expressed  per  unit 
of  area  subjected  to  only  tree  felling  and  log 
skidding)  averaged  about  1.6  times  as  great  as 
sediment  yields  from  nearby  undisturbed  water- 
sheds. Sediment  produced  by  surface  erosion 
from  roads  (expressed  per  unit  of  area  disturbed 
by  road  construction)  averaged  220  times  as 
great  as  yields  produced  from  nearby  undis- 
turbed lands  for  the  same  study  period;  mass  ero- 
sion from  roads  (expressed  in  similar  units) 
averaged  550  times  as  great.  Sediment  produc- 
tion (per  unit  area  of  the  entire  watershed  above 


the  sediment  retention  dams)  equaled  over  150 
times  the  undisturbed  sediment  production  (ta- 
ble 4). 

Further  analysis  of  the  data  dealing  with 
sediment  yields  from  surface  erosion  indicated 
that  erosion  declined  very  rapidly  over  time 
(fig.  4) .  About  84  pet  of  the  sediment  from  sur- 
face erosion  was  produced  by  the  end  of  the  first 
year  after  construction.  This  rose  to  93  pet 
by  the  end  of  the  second  year  (12).  These  data 
are  important  because  they  indicate  that  erosion- 
control  measures  must  be  initiated  as  soon  after 
road  construction  as  possible,  and  that  control 

Table  4. — Mean  sediment  production  for  a  6-yr 
study  period  on  the  jammer  unit  resulting 
from  surface  and  mass  erosion 

Eatio  to 

Type  of  Sediment  rate  undisturbed 

disturbance  (yd3/yr/mi2)  lands 

Undisturbed*                              21  1.0 

Disturbed1                             3,193  155.2 

Tree  felling  and 

log  skidding2                           33  1.6 

Roads  (surface  erosion) 2  •••  4,526  220.0 

Roads  (mass  erosion)2   11,316  550.0 

1  Values  expressed  per  unit  area  of  watershed. 

2  Values  expressed  per  unit  of  area  subjected  to  tree 
felling  and  log  skidding  or  to  road  construction. 
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measures  must  exert  some  immediate  control 
over  erosion.  (Scattering  plant  seed  alone  as  was 
done  in  this  study  will  have  limited  value  because 
of  the  time  required  for  seed  germination  and 
growth.) 

The  mass  erosion  occurred  during  a  rain-on- 
snow  event  in  the  spring  of  1965.  As  shown  in 
figure  4,  there  appears  to  be  no  relation  to  the 
short-term  time  trend  in  surface  erosion.  Rather, 
mass  erosion  events  occur  during  periods  of  rap- 
id, large-volume  water  inputs  to  the  soil. 

Actually  it  is  doubtful  that  erosion  on  roads  in 
the  Idaho  Batholith  will  permanently  decrease, 
within  a  reasonable  time,  to  the  level  that  existed 
before  disturbance.  The  road  tread  and  steep  cut 
slopes  in  the  Deep  Creek  area  are  composed  of 
weathered  granitic  bedrock  that  continues  to  dis- 
integrate after  exposure  faster  than  natural 
stabilization  can  take  place.  The  material  result- 
ing from  bedrock  disintegraton  is  readily  trans- 
ported during  subsequent  runoff  events.  Similar 
bedrock  conditions  are  found  throughout  much 
of  the  unglaciated  portion  of  the  Idaho  Batholith. 

This  process  is  occurring  on  a  37-yr-old  road  in 
the  Ditch  Creek  drainage.  This  2-mi  road  is  nar- 
row and  is  closely  fitted  to  the  topography  so 
that  the  lengths  of  cut  and  fill  slopes  are  mini- 
mized. In  addition,  dense  vegetation  has  devel- 
oped on  the  fill  slopes.  This  road  represents  what 
the  casual  observer  would  consider  to  be  a  mini- 
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Figure  4. — Sediment  production  over  time  from  surface 
erosion  on  jammer  roads. 

mum  erosion  hazard.  Yet,  note  in  table  1  that 
sediment  yields  in  the  perennial  stream  draining 
this  watershed  (Ditch  Creek)  average  almost 
twice  those  from  adjacent  similar  watersheds 
without  roads  (Eggers  and  Cabin  Creeks).  In 
fact,  sediment  yields  in  Ditch  Creek  average 
higher  than  any  of  the  other  watersheds  (all 
without  roads) . 


DOWNSTREAM  EFFECTS 


Sediment  yields  on  undisturbed  watersheds  as 
well  as  on  watersheds  affected  by  logging  activi- 
ties are  a  concern  to  engineers  planning  down- 
stream water-development  projects.  However, 
sedimentation  takes  on  an  added  dimension  in 
the  Idaho  Batholith  (and  possibly  elsewhere)  be- 
cause of  the  high  recreational  values  of  both  resi- 
dent and  anadromous  fish.  Anadromous  fish 
have  a  high  commercial  value  as  well.  To  illus- 
trate, the  spawning  beds  in  the  Fraser  River 
have  been  estimated  to  be  worth  $160,000/acre/ 
yr  (6). 

Chapman  (-4)  provides  an  excellent  discussion 
of  the  effects  of  logging  on  fish  resources  in  the 
West.  He  concludes  that  even  though  logging 
could  theoretically  have  certain  beneficial  effects 
on  fish  resources,  the  unfortunate  reality  is  that 
the  effects  to  date  have  been  detrimental  in  many 
streams.  A  primary  factor  causing  degradation 
is  the  deleterious  effect  of  sediment  on  fish  in 


both  the  spawning  and  rearing  areas  of  the 
streams.  Coarse  sands,  which  make  up  the  bulk 
of  the  sediment  produced  in  the  Idaho  Batholith, 
are  especially  damaging. 

We  have  been  engaged  in  a  cooperative  study 
with  W.  S.  Platts,  Forest  Service  fishery  biolo- 
gist, to  evaluate  trends  in  aquatic  habitat  condi- 
tions in  the  South  Fork  of  the  Salmon  River.  This 
1,300-mi2  drainage  is  a  major  tributary  to  the 
Salmon  River;  historically,  it  has  produced 
Idaho's  largest  salmon  run. 

Before  1955,  logging  activity  was  limited  in 
this  area.  However,  such  activity  was  accelerated 
in  succeeding  years;  by  1963,  it  had  led  to  a  de- 
terioration of  channel  conditions  (16).  During 
December  of  1964,  a  large-volume  rainstorm 
caused  extensive  erosion  on  many  of  the  logged 
areas.  This  storm  was  followed  by  a  rain-on- 
snoAv  event  during  the  spring  of  1965.  The  result- 
ing deposition  of  sand  throughout  much  of  the 
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river  system  created  such  concern  for  fishery 
values  that  the  Forest  Service  declared  a  mora- 
torium on  logging  and  road  construction  in  the 
drainage.  This  moratorium  is  still  in  effect. 

Various  studies  have  been  implemented  in  the 
South  Fork  of  the  Salmon  River  to  monitor 
changes  in  aquatic  habitat  conditions  over  time 
(14-).  Details  of  these  studies  are  beyond  the 
scope  of  this  paper;  however,  a  brief  description 
of  one  of  these  studies  and  some  of  the  results  to 
date  might  be  of  interest.  This  study  was  de- 
signed to  evaluate  time  trends  in  the  condition  of 
salmon  spawning  areas.  The  percentage  of  the 
streambed  surface  composed  of  various  sedi- 
ment-size classes  was  selected  as  an  index  of  con- 
dition because  salmon  require  a  high  percentage 


of  gravel  in  the  streambed  to  spawn  successfully. 

In  this  study,  transects  were  located  within  the 
same  reach  of  the  Krassel  spawning  area  each 
year  at  approximately  the  same  location.  Data 
were  collected  in  late  August  for  every  year  from 
1966  to  1971,  except  for  1969,  when  no  data  were 
taken.  Eight  transects  were  sampled  each  year. 
The  average  percentages  of  sand  and  gravel  on 
the  streambed  surface  of  the  Krassel  spawning 
area  are  shown  by  sample  years  on  figure  5. 

Linear  regression  analyses  were  used  to  test 
the  statistical  significance  of  time  trends.  The 
regression  coefficients  are  statistically  signifi- 
cant at  the  95-pct  level  and  indicate  that  sand 
(<4.7  mm)  is  decreasing  at  an  average  rate  of 
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Figure  5.— Average  percentage  of  sand  and  gravel  on  the  streambed  in  the  Krassel  spawning  area,  South  Fork  of  the 

Salmon  River. 
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5.9  pet  a  year  and  that  gravel  (4.7-76.0  mm)  is 
increasing  at  an  average  rate  of  6.2  pct/yr  (fig. 
5) .  Similar  trends  were  also  detected  in  the  three 
other  key  spawning  areas. 

The  aquatic  habitat  conditions  on  the  South 
Fork  of  the  Salmon  River  are  recovering  rapidly 
since  the  cessation  of  logging  in  1966.  This  re- 
covery reflects  the  decrease  in  erosion  with  time 
on  sediment  source  areas  (often  aided  by  surface 
erosion  control  measures) ;  the  lack  of  occur- 
rence of  extreme  climatic  events  since  1965;  the 
fact  that  mass  erosion  hazards  have  not  had  time 
to  build  up  since  1965,  when  landslides  occurred 
on  areas  where  mass  erosion  hazards  were  high; 


and  favorable  conditions  for  sediment  transport 
in  the  river  since  1965.  Apparently,  before  1965 
the  rate  of  sediment  recruitment  to  the  river  ex- 
ceeded the  rate  of  sediment  transport  by  the 
river  and  sand  began  to  aggrade  in  many  river 
reaches;  since  1965  the  converse  has  occurred 
and  degradation  (as  understood  by  sedimenta- 
tionists)  is  taking  place.  Additional  time  trend 
data — surveyed  channel  cross  sections  and  large- 
scale  aerial  photos  of  the  river — confirm  that 
degradation  is  occurring.  The  underlying  spawn- 
ing gravels  are  again  exposed  as  the  aggraded 
sands  are  removed;  thus  the  spawning  areas  are 
approaching  their  predisturbance  conditions. 


COMPLEMENTARY  STUDIES 


In  addition  to  the  sedimentation  studies,  re- 
search is  being  conducted  on  erosion,  including 
evaluation  of  average  annual  soil  erosion  in  rela- 
tion to  site  variables,  effects  of  soil  disturbance 
on  erosion,  and  evaluating  the  effectiveness  of 
assorted  erosion-control  measures.  Our  ultimate 


aim  is  to  develop  guidelines  for  logging  practices 
that  will  permit  logging  and  road  construction 
on  suitable  lands  in  the  Idaho  Batholith  without 
exceeding  acceptable  limits  of  onsite  erosion  or 
downstream  sedimentaton  damage.  We  feel  we 
are  well  on  our  way  toward  reaching  this  goal. 
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SEDIMENT  YIELD  AND  SOURCE  PREDICTION 
FOR  URBANIZING  AREAS 

By  Burton  C.  Becker1  and  John  J.  Mulhern2 


The  number  one  pollutant  of  the  Nation's  wa- 
ters, by  volume,  is  sediment.  Annual  sediment 
deposition  in  the  Nation's  reservoirs  is  estimated 
at  approximately  850,000  acre-feet,  or  nearly 
five  times  the  volume  of  earth  and  rock  exca- 
vated for  the  Panama  Canal.  This  deposited  sedi- 
ment preempts  a  water-storage  capacity  suffi- 
cient to  provide  the  annual  water  supply  for  a 
population  of  5.5  million.  Not  only  does  sediment 
fill  stream  channels,  reservoirs,  and  estuaries, 
but  it  adds  additional  expense  to  the  treatment 
of  water  supplies. 

Continually  changing  patterns  of  living  in  the 
Nation  have  been  vividly  reflected  in  the  expand- 
ing urban  and  suburban  areas.  These  newly  de- 
veloping areas  can  have  a  sediment  yield  of  as 
much  as  20,000  to  40,000  times  the  yield  from 
natural  or  undisturbed  areas. 

Recognizing  the  need  for  technology  that  could 
be  utilized  in  implementing  erosion-  and  sedi- 
ment-control regulations,  the  Environmental 
Protection  Agency,  Office  of  Research  and  Moni- 
toring, has  funded  two  research  projects  that  are 
concerned  with  developing  and  demonstrating 
this  needed  technology.  These  two  projects,  cost- 
sharing  grants,  are  to  the  State  of  Maryland,  De- 
partment of  Natural  Resources,  and  to  Purdue 
University,  Department  of  Agronomy.  The  sub- 
stance of  this  paper  is  to  describe  these  two  cur- 
rently ongoing  projects  and  to  briefly  discuss 
their  interrelationship. 

The  Joint  Construction  Sediment  Control 
Project  is  the  grant  to  the  State  of  Maryland  and 
is  being  conducted  in  the  village  of  Long  Reach, 
Columbia,  Md.  It  is  being  operated  by  the  Water 


1  Director,  Environmental  and  Geosciences  Depart- 
ment, Hittman  Associates,  Inc.,  9190  Red  Branch  Road, 
Columbia,  Md.  21045. 

2  Sanitary  engineer,  Office  of  Research  and  Develop- 
ment, Environmental  Protection  Agency,  Washington, 
D.C. 20460. 


Resources  Administration,  State  of  Maryland, 
under  an  EPA  demonstration  grant.  Hittman 
Associates,  Inc.,  of  Columbia,  Md.,  is  the  prime 
contractor  to  the  State  of  Maryland  for  this  proj- 
ect. Howard  Research  and  Development  Corpo- 
ration, the  developers  of  Columbia,  and  the  Co- 
lumbia Parks  and  Recreation  Association,  Inc.,  a 
nonprofit  corporation  representing  the  commun- 
ity, also  are  active  contributing  participants  in 
this  project. 

During  the  period  of  this  demonstration  pro- 
gram, a  natural  and  agricultural  region  is  being 
converted  to  an  urban  community.  This  project 
consists  of — 

1.  The  implementation,  demonstration,  and 
evaluation  of  erosion-control  practices. 

2.  The  construction,  operation,  and  demon- 
stration of  the  use  of  a  local  storm-water  reten- 
tion pond  for  the  control  of  storm-water  pollu- 
tion. 

3.  The  construction,  operation,  and  mainte- 
nance of  methods  for  handling,  drying,  condi- 
tioning, and  disposing  of  sediment. 

Additionally,  a  gaging  and  sampling  program 
is  being  conducted  as  part  of  this  project  to  de- 
termine the  effects  of  urbanization  on  the  hy- 
drology and  water  quality  of  natural  areas. 

The  demonstration  project  is  being  conducted 
within  a  190-acre  watershed  in  the  village  of 
Long  Reach.  In  this  project  area  several  prac- 
tices are  being  demonstrated  and  evaluated  in 
order  to  develop  general  criteria  and  guidelines 
for  implementation  of  storm- water  pollution  and 
erosion-control  techniques.  Specifically,  it  will — 

1.  Evaluate  the  effectiveness  and  cost  of  con- 
ventional and  advanced  methods  of  erosion  con- 
trol in  urban  areas  (surface  landscape  tech- 
niques) . 

2.  Evaluate  the  effectiveness  and  costs  of  vari- 
ous methods  for  the  transport,  drying,  condition- 
ing, and  disposal  of  sediment. 

3.  Evaluate  the  effectiveness  and  acceptability 
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of  introducing  storm-water  and  sediment-reten- 
tion ponds  in  urban  communities. 

One  of  the  principal  objectives  of  this  program 
is  the  demonstration  of  advanced  methods  of 
erosion  control  in  developing  urban  areas  and 
evaluation  of  the  cost  and  effectiveness  of  those 
methods.  One  of  the  accomplishments  of  this  ef- 
fort has  been  the  publication  entitled  "Guidelines 
for  Erosion  and  Sediment  Control  Planning  and 
Implementation."3  The  data  in  this  publication 
can  be  used  by  developers,  planners,  designers, 
engineers,  and  builders  in  the  development  and 
implementation  of  grading,  sediment,  and  ero- 
sion-control plans  as  required  by  the  Shore  Ero- 
sion Control  Act  of  the  State  of  Maryland  and 
similar  laws  and  regulations  of  other  States, 
counties,  and  political  jurisdictions.  Perform- 
ance of  the  various  erosion-control  techniques 
demonstrated  and  evaluated  under  this  program 
will  be  documented  for  use  by  regulatory  agen- 
cies in  the  development  of  detailed  regulations 
and  requirements  and  for  use  in  the  review  and 
approval  of  grading,  sediment,  and  erosion-con- 
trol plans  submitted  in  compliance  with  such 
regulations. 

Another  major  component  of  this  project  is 
the  demonstration  of  a  method  of  urban  storm- 
water  pollution  control,  using  local  storage  and 
treatment  of  storm  water.  Even  where  the  most 
advanced  erosion-control  techniques  are  em- 
ployed, considerable  erosion  can  be  expected  in 
watersheds  undergoing  urbanization.  Among 
other  sources,  the  stream  channel  itself,  under 
the  influence  of  the  greatly  increased  runoff, 
contributes  substantial  quantities  of  sediment. 
The  storm-water  storage  and  treatment  phase 
of  the  project  is  developing  means  to  prevent  this 
residual  sediment  from  degrading  downstream 
water  quality. 

The  major  objective  of  this  phase  is  the  dem- 
onstration and  evaluation  of  local  storage  and 
treatment  of  storm  water  as  a  method  of  con- 
trolling storm-water  pollution  both  during  and 
after  urbanization.  In  order  to  explore  this  appli- 
cation fully,  the  demonstration  activities  are  di- 
rected to  the  following  detailed  objectives: 

1.  Demonstration  of  the  use  of  an  open  pond 


3  U.S.  Environmental  Protection  Agency.  1972.  Guide- 
lines for  erosion  and  sediment  control  planning  and  im- 
plementation. EPA-R2-72-015.  Superintendent  of  Docu- 
ments, Washington,  D.C.  20402. 
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located  in  the  natural  flood  plain  as  a  storm-wa- 
ter storage  facility  and  primary  sediment  trap. 

2.  Preliminary  evaluation  of  advanced  sedi- 
mentation devices,  such  as  tube  settlers,  for  use 
as  sediment  traps,  both  alone  and  in  conjunction 
with  the  open  pond. 

3.  Demonstration  of  the  use  of  advanced  sedi- 
mentation devices,  should  their  feasibility  be  de- 
termined in  the  preliminary  evaluation. 

4.  Development  of  design  criteria  for  the  use 
of  open  ponds  and  advanced  sedimentaton  de- 
vices for  control  of  storm-water  pollution  in  ur- 
ban areas. 

5.  Investigation  of  the  effect  of  the  open  pond 
and  other  storm-water  pollution-control  devices 
on  surrounding  land  uses  and  land  values. 

6.  Investigation  of  the  effect  of  storm-water 
pollution  control  and  pollution-control  facilities 
on  flood  plain  and  stream-channel  ecology,  both 
upstream  and  downstream. 

7.  Investigation  of  the  effects  of  storm-water 
pollution  control  and  pollution-control  facilities 
on  flood  plain  utilization. 

One  of  the  most  important  aspects  of  storm- 
water  control  is  the  handling  and  ultimate  dis- 
posal of  sediment.  The  most  efficient  sediment- 
retention  system  can  be  rendered  useless  if  the 
collected  sediment  is  merely  transferred  to  an- 
other area  in  such  a  manner  as  to  allow  its  re- 
entry into  surface  waters.  Sediment  handling 
and  disposal  is  difficult  and  costly.  Sediment,  as 
such,  has  little  economic  value,  so  that  there  is 
considerable  incentive  for  the  employment  of 
low-cost,  yet  effective,  disposal  techniques. 

The  objectives  of  the  sediment-handling,  dry- 
ing, conditioning,  and  disposal  phase  of  the  study 
are — 

1.  Evaluation  and  demonstration  of  various 
means  of  removing  sediment  from  each  of  the 
sediment-collection  systems. 

2.  Evaluation  and  demonstration  of  techniques 
for  transporting  wet  sediment  from  the  collec- 
tion systems  to  the  drying  facility. 

3.  Evaluation  and  demonstration  of  techniques 
for  conditioning  sediment  before  application  to 
drying  beds. 

4.  Evaluation  and  demonstration  of  methods 
for  efficient  drying  of  sediment. 

5.  Evaluation  and  demonstration  of  methods 
for  ultimate  disposal  of  sediment,  including  or- 
ganic and  inorganic  additives  to  alter  sediment 
properties. 


The  hydrology  and  laboratory  analysis  phase 
of  the  demonstration  project  has  been  planned 
to  coordinate  and  simplify  the  collection  and  an- 
alysis of  data  relating  to  rainfall,  streamflow, 
water  quality,  flood-plain  ecology,  etc.  A  com- 
prehensive hydrology  and  water-quality  moni- 
toring program  is  being  conducted.  It  uses  three 
rain  gages  and  four  stream-gage  and  water- 
sampling  installations.  Locations  are  shown  in 
figure  1. 

The  three  permanent  rain-gaging  stations 
employ  weighing-bucket,  continuous-recording 


gages.  Two  of  the  gages  are  Belfort  Instrument 
Company4  products  with  spring-wound  clock 
drives  and  ink-pen  recorders.  The  third  is  a 
Fisher-Porter  punch-tape  model  powered  by  a 
71/2-V  dry  cell. 

Two  of  the  stream-gaging  and  sampling  sta- 
tions have  been  built  at  the  junction  of  the  tribu- 
taries draining  the  reference  and  experimental 
subwatersheds.  They  were  located  so  that  diff er- 


4  The  mention  of  trade  names  or  commercial  products 
does  not  constitute  endorsement  or  recommendation  for 
use  by  the  Environmental  Protection  Agency. 


Figure  1. — Demonstration  watershed  and  subwatershed  locations. 
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ences  in  the  runoff  and  suspended  solids  pro- 
duced in  the  experimental  subwatershed,  where 
advanced  erosion-control  practices  were  applied, 
could  be  compared  to  the  reference  subwater- 
shed, where  only  minimal  practices  were  re- 
quired. Two  other  gaging  and  sampling  stations 
were  established  immediately  upstream  and  im- 
mediately downstream  from  the  4-acre  pond. 

The  tandem  stream  gages  (farthest  upstream) 
are  precalibrated,  broadcrested,  V-notch  weirs 
developed  and  tested  by  the  U.S.  Department  of 
Agriculture.  The  concrete  weir  caps  have  2:1 
side  slopes  and  were  poured  and  formed  directly 
on  steel  sheet  piles  driven  a  minimum  of  6  ft  be- 
low the  elevation  of  the  stream  channel.  Earth 
berms  extend  from  the  end  of  the  weir  caps  to 
the  limit  of  the  calculated  50-yr,  post-develop- 
ment flood  plain. 

The  stilling  wells  and  shelters  contain  both  the 
sediment-monitoring  equipment  and  a  Stevens 
duplex  water-level  recorder,  type  2A35,  which 
can  simultaneously  measure  and  record  the  wa- 
ter levels  going  over  weirs  1  and  2. 

Station  3,  just  above  the  pond  and  forebay,  is 
a  weir  similar  to  those  at  stations  1  and  2,  except 
the  side  slopes  of  the  weir  cap  are  at  3:1.  This 
station  is  also  served  by  a  Stevens  type  A35 
water-level  recorder. 

Station  4,  below  the  pond,  uses  a  sharp-crested, 
compound,  90°  V-notch  and  rectangular  weir  as 
a  control  section.  The  V-notch  is  10  inches  high 
and  the  rectangular  section  is  21/2  ft  high  by  6  ft 
wide.  The  damping  effect  of  the  principal  spill- 
way facilitates  the  use  of  this  small  installation. 
The  stilling  well  is  equipped  with  a  Belf  ort  port- 
able liquid-level  recorder. 

When  necessary,  additional  stream  gaging  is 
performed  using  a  Gurley  pygmy  current  meter. 
To  date,  this  method  has  been  used  primarily  to 
check  the  calibration  of  the  permanently  in- 
stalled weirs. 

An  automatic  water-sampling  station  is  lo- 
cated at  each  of  the  four  permanent  stream-gag- 
ing sites.  The  samples  collected  from  these  auto- 
matic stations  are  supplemented  by  depth-inte- 
grated hand  samples. 

At  sites  1  and  2,  the  sampling  equipment  is 
housed  in  a  combined  instrumentation  and  still- 
ing well  shelter.  Approximately  13  ft  upstream 
from  each  weir,  the  intake  from  a  V^-hp  pump 
provides  sample  water  which  flows  through  a 
turbidimeter  and  then  through  a  fluidic  sample 


bottle  rack  which  periodically  diverts  the  flow 
into  a  sample  bottle.  The  turbidimeters  are 
equipped  with  Rustrak  recorders  as  well  as  vis- 
ual observation  equipment.  At  the  present  time, 
the  fluidic  samplers  are  programed  to  sample 
every  half  hour.  A  mercury  switch  automatically 
starts  each  pump  and  turbidimeter  recorder  at 
a  given  water  stage  and  cuts  off  after  the  stage 
falls  below  the  predetermined  level. 

The  automatic  sediment-monitoring  equip- 
ment at  site  3  (upstream  from  the  pond)  consists 
of  a  PS-67  pumping  sampler.  The  intake  for  the 
sampler  is  located  in  the  stream,  some  15  ft  up- 
stream from  the  weir.  The  pumping  sampler  is 
fed  by  a  ^-hp  pump  which  utilizes  a  36-V,  d.c. 
power  supply.  An  automatic  switch  activates  the 
sampler  upon  a  sufficient  rise  in  stream  water 
level  and  stops  it  when  the  stage  falls  below  the 
set  level.  The  sampler  can  be  set  to  take  samples 
at  virtually  any  time  increment.  It  is  now  set  to 
sample  every  15  min  when  activated. 

The  automatic  sampling  equipment  at  site  4, 
below  the  pond,  is  a  Serco  single-stage  vacuum 
sampler.  A  switch  activates  the  sampler  upon  a 
sufficient  rise  in  stream  level,  and  24  continuous 
samples  are  then  taken  at  equal  specified  time 
intervals. 

The  primary  purpose  of  the  gaging,  monitor- 
ing, and  sampling  program  is  to  establish  storm 
runoff  volumes  and  gross  sediment  yields.  The 
storm  runoff  is,  in  turn,  related  to  the  intensity 
and  duration  of  the  rainfall,  land  use,  and  ambi- 
ent field  conditions.  As  the  area  becomes  more 
developed,  the  total  volume  of  runoff  for  a  given 
storm  would,  naturally,  increase  because  of  the 
larger  amount  of  impervious  area.  Sediment 
volumes  should,  however,  decrease  as  the  area 
becomes  stabilized. 

Reservoir  and  stream-channel  sedimentation 
surveys  are  conducted  at  3-month  intervals  as  a 
check  on  the  sedimentation  data  provided  by  the 
gaging  and  sampling  stations. 

The  Joint  Construction  Sediment  Control 
Project's  first  major  publication,  "Guidelines  for 
Erosion  and  Sediment  Control  Planning  and  Im- 
plementation," is  intended  primarily  to  help 
those  responsible  for,  or  engaged  in,  urban  con- 
struction to  prevent  the  uncontrolled  movement 
of  soil  and  the  subsequent  damage  it  causes.  This 
report  and  the  documents  to  follow  from  this 
project,  along  with  work  currently  being  con- 
ducted under  an  EPA  grant  to  Purdue  Univer- 
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sity,  should  provide  much-needed  technology  for 
minimizing  erosion  and  sediment  pollution. 

Environmental  Protection  Agency  project 
15030  HIX,  Erodibility  of  Urban  and  Suburban 
Construction  Site  Subsoils  as  Predicted  by 
Chemical,  Mineralogical,  and  Physical  Param- 
eters, is  a  grant  to  Purdue  University's  Depart- 
ment of  Agronomy.  The  project  is  to  refine  the 
erodibility  equation,  previously  developed  for 
surface  soils,  for  use  on  the  subsoils  commonly 
found  at  construction  sites.  This  will  be  accomp- 
lished by — 

1.  Using  a  "rainulator"  (rainfall  simulator) 
to  test  the  soil  erodibility  model  on  heavier  tex- 
tured soils  commonly  found  at  construction  sites. 

2.  Relating  various  chemical,  mineralogical, 
and  physical  properties  of  selected  surface  and 
subsurface  soils  to  their  erodibility  factor  (K) , 
previously  determined  by  field  experimentation. 

3.  To  arrive  at  an  equation,  using  data  ob- 
tained in  1  and  2,  which  can  be  used  by  erosion- 
control  investigators  to  predict  soil  losses  at  con- 
struction sites  more  accurately. 

From  a  review  of  the  available  technology  for 
erosion  and  sediment  control  from  construction 
activities,  it  was  concluded  that  a  more  accurate 
erodibility-prediction  tool  was  needed,  so  that 
better  erosion-  and  sediment-control  measures 
could  be  planned  and  implemented  for  construc- 
tion sites.  This  prediction  mechanism  combined 
with  the  erosion-  and  sediment-control  proce- 
dures developed  and  demonstrated  at  Columbia, 
Md.,  should  make  it  possible  to  implement  a  more 
viable  sediment  control  program. 

The  detachment  of  soil  particles  by  rainfall 
and  surface  water  flows  are  primary  processes  in 
soil  erosion.  Detached  particles  can  be  transport- 
ed by  the  runoff  waters,  and  thus  become  a  maj  or 
pollutant  of  the  Nation's  waters.  By  determining 
the  chemical,  physical,  and  mineralogical  factors 
that  influence  soil  erosion  by  water,  it  is  possible 
to  develop  or  modify  the  universal  soil  loss  equa- 
tion for  use  on  subsoils. 

The  universal  soil  loss  equation  is  widely  used 
by  many  individuals  and  governmental  agencies 
as  a  guide  in  drawing  up  recommendations  based 
on  "soil-loss  tolerances."  The  primary  considera- 
tion of  those  recommendations  is  the  mainte- 
nance of  a  high  level  of  economic  productivity 
for  an  unspecified  period  of  time.  The  principal 
factors  considered  for  this  equation  are  those 
that  influence  surface  soil  erosion,  such  as  rain- 


fall, soil  erodibility,  slope  length,  slope  gradient, 
cropping  management,  and  erosion-control  prac- 
tices. Attempts  to  predict  the  erodibility  of  sub- 
soils commonly  found  at  construction  sites  have 
demonstrated  that  the  subsoils  do  not  always  be- 
have as  predicted  by  the  universal  soil  loss  equa- 
tion. 

The  most  difficult  parameter  to  specify  for  the 
universal  soil  loss  equation  is  the  soil-erodibility 
factor.  Wischmeier  and  Mannering5  correlated 
(statistically)  the  erodibility  factor  of  some  55 
selected  Corn  Belt  soils  to  an  array  of  24  soil 
parameters,  primarily  soil  physical  properties, 
and  not  including  chemical  and  mineralogical 
properties.  Since  the  development  of  this  regres- 
sion equation,  Wischmeier  has  sought  to  simplify 
it  to  a  more  workable  relationship.  The  result  has 
been  the  development  of  a  two-section  nomo- 
graph from  which  the  soil-erodibility  factor  can 
be  read,  if  the  following  four  major  soil  param- 
eters are  known:  organic  matter  content;  perme- 
ability; soil  structure;  and  a  newly  derived  parti- 
cle-size-distribution term.0  Although  the  predic- 
tive accuracy  of  this  erodibility  nomograph 
appears  to  be  good  for  the  range  of  soils  encom- 
passed by  the  data  analyzed,  its  applicability  to 
heavier  textured  soils,  usually  found  as  subsoils, 
is  still  being  examined.  The  soil  parameters  used 
in  developing  the  relationships  were  mainly 
physical  in  nature,  whereas  the  actual  cohesion 
between  soil  particles,  i.e.,  interparticle  bonding, 
is  influenced  by  chemical  and  mineralogical 
properties  in  the  soil  material.  Therefore,  exist- 
ing relationships  for  predicting  soil  erosion  can 
be  improved  by  including  factors  for  soil  chemi- 
cal and  mineralogical  makeup. 

The  major  chemical  and  mineralogical  param- 
eters responsible  for  soil  stability  are  thought  to 
be  organic  matter,  clay  content,  clay  type,  free 
iron  oxide,  silicates,  free  aluminum  oxide,  and 
the  valency  of  the  ionic  constituents  in  the  soil- 
adsorption  complex.  It  is  anticipated  that  when 
the  relationship  between  soil  erosion  and  the 
chemical  and  mineralogical  parameters  of  soils 
has  been  determined,  results  from  simple  physi- 
cal, chemical,  and  mineralogical  determinations 


5  Wischmeier,  W.  H.,  and  Mannering,  J.  V.  1969.  Rela- 
tion of  soil  properties  to  its  erodibility.  Soil  Science  Soci- 
ety of  America  Proceedings  33:  131-137. 

G  Wischmeier,  W.  H.  1971.  A  soil  erodibility  nomograph 
for  farmland  and  construction  sites.  Journal  of  Soil  and 
Water  Conservation  26(5)  :  189-193. 
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of  appropriate  soil  constituents  can  be  used  to 
obtain  a  more  accurate  prediction  of  anticipated 
soil  losses  at  construction  sites,  so  that  control 
measures  can  be  recommended  to  minimize  ero- 
sion and  sediment  pollution. 

The  research  project  at  Purdue  has  the  follow- 
ing objectives: 

1.  To  test,  by  the  use  of  a  rainulator  on  field 
plots,  the  newly  developed  erodibility  model  (de- 
rived from  light-textured  surface  soils)  on  some 
heavy-textured  soils,  commonly  found  as  sub- 
soils at  construction  sites. 

2.  To  relate  various  chemical  and  mineralogi- 
cal  properties  of  selected  surface  and  subsurface 
soils  to  their  erodibiilty  factor  (K)  which  has 
previously  been  determined  through  field  experi- 
mentation. 

3.  To  attempt  to  arrive  at  a  regression  equa- 
tion or  a  modified  nomograph  with  data  from  1 
and  2,  for  use  by  erosion-control  investigators, 


so  that  they  can  predict  anticipated  soil  losses  at 
proposed  construction  sites  more  accurately. 

This  project  was  completed  in  June  1973.  Data 
collection  and  interpretation  are  still  in  progress. 

Preliminary  evidence,  however,  supports  the 
thesis  that  subsoils  do  not  necessarily  behave  as 
predicted  by  the  universal  soil  loss  equation.  The 
information  being  gathered  by  the  project  should 
provide  a  better  means  of  predicting  subsoil 
losses  for  proposed  construction  sites. 

The  combined  results  from  the  Maryland  proj- 
ect and  the  Purdue  project  should  vastly  improve 
erosion-  and  sediment-control  technology  for 
construction  sites.  While  they  represent  only  a 
beginning,  the  information  obtained  from  the 
projects,  and  the  Maryland  demonstration  in 
particular,  should  greatly  advance  the  state  of 
the  art  of  sediment  control  during  the  transfor- 
mation of  rural  and  natural  areas  into  urban  and 
suburban  areas. 
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SEDIMENT  YIELDS  RELATED  TO  CHARACTERISTICS 
OF  TWO  ADJACENT  WATERSHEDS 

By  A.  J.  Bowie,  G.  C.  Bolton,  and  J.  A.  Spraberry2 

INTRODUCTION 


Runoff,  sediment,  and  supplemental  data  from 
two  adjacent  watersheds  in  northern  Mississippi 
have  been  evaluated.  These  two  watersheds  are 
part  of  a  comprehensive  study  of  sediment  yield 
that  is  designed  to  define  the  processes  of  erosion 
and  the  relative  effect  of  sedimentation  on  land 
and  water  resources. 

The  ultimate  objective  of  this  study  is  to  de- 
velop methodology  for  predicting  sediment  yield 
and  transport  rates  in  complex  watersheds,  vary- 
ing in  size  from  a  few  acres  to  several  square 
miles.  The  primary  objectives  of  the  studies  are 
(1)  to  determine  sediment  yields  by  systematic 
sampling  and  measuring  of  storm  flows  at  a 


streamflow  gaging  station  in  each  watershed, 
(2)  to  delineate  and  establish  the  relative  sig- 
nificance of  sediment  sources  on  sediment  yield, 
and  (3)  to  relate  measured  sediment  yield  to  cal- 
culated gross  erosion  and  watershed  characteris- 
tics. 

Both  watersheds  were  instrumented  for  run- 
off and  sediment  yield  measurements  in  Novem- 
ber 1956,  with  actual  data  collection  beginning 
in  January  1957.  Measured  runoff  and  sediment 
data  used  in  this  report  are  for  14  yr  (water 
years  1958-71) .  Land-use  surveys  and  computa- 
tion of  gross  erosion  were  made  periodically 
from  1958  to  1972. 


EXPERIMENTAL  AREA 


The  two  watersheds  discussed  in  this  report 
are  part  of  117-mi2  experimental  watershed  lo- 
cated in  the  upper  portion  of  the  Pigeon  Roost 
Creek  basin  in  northern  Mississippi.  The  two  wa- 
tersheds, joined  by  a  common  boundary  approxi- 
mately 1.0  mi  long,  are  shown  in  figure  1  as 
numbers  4  and  5.  Watershed  4  has  a  drainage 
area  of  1,580  acres  and  watershed  5  is  established 
as  1,000  acres.3 


1  Cooperative  research  of  the  Agi-icultural  Eesearch 
Service,  U.S.  Department  of  Agriculture,  and  the  Mis- 
sissippi Agricultural  Experiment  Station  and  the  Uni- 
versity of  Mississippi. 

2  Research  hydraulic  engineer,  mathematician,  and  soil 
scientist,  respectively,  USDA  Sedimentation  Labora- 
tory, Southern  Region,  Agricultural  Research  Service, 
Oxford,  Miss.  38655. 

3  Watershed  4  drainage  area  adjusted  on  Jan.  1,  1965, 
from  2,000  to  1,580  acres.  Watershed  5  drainage  area 
adjusted  on  Oct.  1,  1969,  from  1,130  to  1,000  acres. 


The  standard  instrumentation  at  each  of  two 
gaging  sites  consists  of  a  Stevens  type  A  continu- 
ous water-level  recorder  installed  in  a  wooden 
shelter  over  a  24-inch  corrugated  iron  pipe  well. 
Automatic  suspended-sediment  pumping  sampl- 
ers were  installed  at  each  gaging  site.  These 
samplers  are  designed  to  collect  and  store  sam- 
ples at  selected  intervals  throughout  the  hydro- 
graph  when  the  water  in  the  stream  reaches  a 
preselected  stage  (7,9)  .4  Footbridges  across  the 
stream  channels  at  selected  cross  sections  are 
used  to  support  a  traversable  streamflow  sam- 
pler. Locations  of  the  recording  rain  gages  and 
streamflow  gaging  stations  are  shown  in  figure 
2.  The  gaging  stations  are  located  in  defined 
channels  at  the  lower  end  of  each  watershed  (4) . 


*  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 
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Figure  1. — Pigeon  Roost  Creek  watershed. 


GENERAL  CHARACTERISTICS 


Topography 

Both  watersheds  have  rather  narrow,  flat, 
flood  plains  with  natural  channels  and  dissected 
upland  areas.  The  major  flood  plain  in  water- 
shed 4  is  approximately  2.0  mi  long  and  0.15  mi 
wide;  in  watershed  5  it  is  0.8  mi  long  and  0.08  mi 
wide  (J) .  The  channels  have  few  straight  reach- 
es, and  most  have  banks  that  scour  easily.  The 
average  channel  width-depth  ratio  is  3:1  at  gag- 
ing station  4  and  2:1  at  gaging  station  5.  The 
average  slope  of  the  main  channel  for  both  wa- 
tersheds is  approximately  4.5  pet.  The  drainage 
density  is  1.60  mi/mi2  for  watershed  4  and  1.14 
mi/mi-  for  watershed  5.  Watershed  4  has  a  mean 
slope  of  10.4  pet;  watershed  5  has  9.0  pet. 


Geology 

There  are  three  major  geological  formations 
in  both  watersheds,  the  Kosciusko,  Tallahatta, 
and  Meridian  (1 ) .  The  texture  of  the  formations 
is  predominantly  sands  with  local  clay  lenses. 
The  Meridian  formation  underlies  the  entire  area 
of  both  watersheds.  There  are  no  surface  out- 
crops of  this  formation  within  the  watershed 
boundaries.  There  are  outcrops  of  Kosciusko  and 
Tallahatta  in  both  watersheds.  A  relatively  im- 
permeable clay  lense  underlies  the  valley  fill  in 
watershed  5.  A  clay  seal  is  also  present  beneath 
watershed  4,  but  it  does  not  appear  to  be  continu- 
ous. There  is  a  smaller  percentage  of  the  Kosci- 
usko formation,  and  a  smaller  percentage  of  the 
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Figure  2.— Watersheds  4  and  5,  Pigeon  Roost  Creek  Basin,  Marshall  County,  Miss. 


exposed  Tallahatta  formation.  Compared  with 
the  Tallahatta,  the  Kosciusko  has  a  lower  perme- 
ability because  of  more  even  dissemination  of 
clay  throughout  the  formation. 

Soils 

The  soils  of  the  watersheds  were  developed 
from  thin  loess  of  silty  material,  which  overlies 
various  kinds  of  coastal-plain  material.  These 
soils  have  been  classified  by  external  and  in- 
ternal characteristics  according  to  series  and 
type  (3).  The  three  principal  soil  types  within 
the  series  are  fine  sandy  loam,  sandy  loam,  and 
silt  loam. 

The  soils  have  been  further  classified  accord- 
ing to  the  Soil  Conservation  Service  scheme  for 
hydrologic  grouping  (12).  Soil  properties  that 
influence  runoff  can  be  represented  by  a  hydro- 


logic  parameter:  the  minimum  rate  of  infiltra- 
tion into  a  bare  soil  after  prolonged  wetting.  This 
parameter  is  the  qualitative  basis  of  the  classifi- 
cation of  soils  into  four  major  hydrologic  soil 
groups.  There  are  two  hydrologic  soil  groups  in 
watersheds  4  and  5.  The  two  groups  are 

B.  Mostly  sandy  soil  having  moderate  infil- 
tration rates  when  thoroughly  wetted  and 
consisting  chiefly  of  moderately  deep  to 
deep,  moderately  well  to  well  drained  soils 
with  moderately  fine  to  moderately  coarse 
texture.  These  soils  have  a  moderate  rate  of 
water  transmission. 

C.  Soils  having  slow  infiltration  rates  when 
thoroughly  wetted  and  consisting  chiefly  of 
soils  with  a  layer  that  impedes  downward 
movement  of  water,  or  soils  with  moderately 
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fine  to  fine  texture.  These  soils  have  a  slow 
rate  of  water  transmission. 
The  proportionate  extent  of  the  hydrologic 
groups,  in  percent,  is  as  follows: 


Watershed 

4 
5 


Hydrologic  soil 
group  B,  coastal-plain 
(sandy)  material 
72 
44 


Hydrologic  soil 
group  C,  loess 
(silty)  material 

28 

56 


SEDIMENT  YIELDS 


Annual  Thiessen-weighted  precipitation  dur- 
ing the  period  of  record  varied  only  slightly,  with 
maximum  amounts  alternating  between  the  two 
watersheds  (table  1).  Watershed  5  had  693.4 
inches  of  accumulated  rainfall;  watershed  4, 
681.6  inches. 

Generally  accepted  methods  and  procedures 
were  used  to  measure  flow  and  to  obtain  sedi- 
ment samples  at  each  gaging  station;  specifical- 
ly, standard  Geological  Survey  procedures  were 
used  for  velocity  measurements,  and  the  depth- 
integrated  equal-transit-rate  method  was  used 
to  collect  samples  of  the  water-sediment  mixture 
(A,  7) .  In  addition,  supplementary  samples  were 
collected  with  the  automatic  pumping  samplers 
beginning  with  the  1971  water  year.  Runoff  was 
determined  from  continuous  water-stage  infor- 
mation and  current  meter  measurements. 


A  comparison  of  the  annual  weighted  concen- 
tration of  sediment  in  discharge  is  shown  in 
figure  3.  The  higher  concentration  came  from 
watershed  5  in  7  out  of  14  yr.  Concentrations 
during  2  yr  were  almost  equal.  The  maximum 
deviation  from  equal  value  was  1,040  p/m  (3). 
The  mean  annual  concentration  was  5,305  p/m 
for  watershed  5  and  5,202  p/m  for  watershed  4. 

Annual  runoff  and  sediment  yields  were  con- 
sistently higher  for  watershed  5  (table  1).  As 
would  be  expected  from  the  difference  in  annual 
yield,  the  accumulated  yield  is  considerably  high- 
er for  watershed  5  than  for  watershed  4.  The 
total  accumulated  runoff  and  sediment  yield  for 
watershed  5  exceeded  those  for  watershed  4  by 
84.2  inches  and  approximately  50  tons/acre,  re- 
spectively. 


METHOD  OF  COMPUTING  GROSS  EROSION 


Erosion  is  usually  classified  according  to  the 
eroding  agent  (wind,  water,  rain-splash)  and 
type  (sheet  and  rill,  gully,  channel).  Sheet  ero- 
sion involves  the  removal  of  a  thin  layer  of  the 
land  surface  over  an  extensive  area  and  is  usually 
not  visible  to  the  eye.  This  type  of  erosion  be- 
comes evident  by  the  formation  of  rills.  It  has 
been  estimated  that  soil  loss  from  rill  erosion 
can  be  seen  if  it  amounts  to  about  5  tons  or  more 
per  acre.  This  is  equivalent  in  volume  to  approxi- 
mately 2  acre-feet/mi2  (13).  Three  types  of  ero- 
sion occur  in  the  watersheds;  these  are  sheet  and 
rill,  gully,  and  channel,  with  water  as  the  en- 
training agent  and  prime  mover  of  the  eroded 
materials. 

Land  use  surveys  were  begun  in  the  water- 
sheds in  1957  and  have  continued  to  the  present 
time  (10) .  Considerable  effort  was  made  to 
evaluate  the  contribution  of  sediment  from  all 
sources  and  to  differentiate  between  the  vari- 


ous sources  areas.  Land  use  and  cover  conditions, 
the  percent  and  length  of  slope,  the  area  of  ac- 
tive gully  erosion  and  the  location  of  sediment- 
detention  structures  and  gully  plugs  were 
mapped  on  aerial  photographs.  When  this  infor- 
mation was  verified  in  the  field,  the  annual  ero- 
sion was  computed  separately  for  each  delineated 
source  area  and  added  to  give  total  watershed 
erosion. 

In  calculating  annual  gross  erosion,  the  quan- 
tity of  material  derived  from  sheet  erosion  and 
the  quantity  contributed  by  gully  erosion  were 
computed  separately.  Relative  erosion  factors 
were  assigned  to  each  delineated  area,  and  the 
sheet  erosion  was  calculated  for  the  total  area 
using  the  universal  soil  loss  equation  (H) .  Gully 
erosion  was  calculated  with  the  "2-inch  gully 
rate"  developed  by  Woodburn  (15,  16).  The 
Woodburn  method  was  further  substantiated  in 
a  study  conducted  by  Miller  et  al.  (8). 


RESULTS  AND  DISCUSSION 


Although  weighted  precipitation  was  nearly 
equal,  table  1  shows  that  average  runoff  from 
watershed  5  exceeded  that  from  watershed  4  by 
more  than  100  percent.  The  average  sediment 


yields  for  the  two  areas  are  in  the  same  propor- 
tion, with  6.70  tons /acre  for  watershed  5  and 
3.13  tons/acre/yr  for  watershed  4.  The  sediment 
concentration  for  both  watersheds  was  approxi- 
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Figure  3. — Comparison  of  weighted  discharge  concentra- 
tions, watersheds  4  and  5. 

mately  equal,  as  indicated  by  figure  3.  Sediment 
yield  per  inch  of  runoff  was  essentially  the  same, 
as  shown  in  table  1. 

In  a  previous  study  by  Bowie  and  Bolton  on 
the  variations  of  runoff  in  the  watersheds  (5), 
it  was  found  that  certain  parameters  and  hydro- 
logic  factors  were  almost  identical  or  had  insig- 
nificant variances.  It  was  concluded  that  these 
parameters  and  hydrological  factors — precipita- 
tion, drainage  density,  compactness  coefficient, 
average  slope  of  streams,  land  slope,  and  slope 
length — did  not  contribute  to  the  difference  in 
runoff. 

Although  the  watersheds  are  separated  by  a 
common  boundary  of  only  1.0  mi,  as  shown  in 
figure  2,  geology  and  soils  differ  significantly. 
These  two  factors  are  considered  to  be  the  major 
contributors  to  the  difference  in  runoff.  For  ex- 
ample, in  watershed  5  there  is  a  smaller  percent- 
age of  recent  deposits  or  valley  alluvium,  a  high- 
er percentage  of  the  less  permeable  Kosciusko 
formation,  and  a  smaller  percentage  of  the  more 
permeable,  exposed  Tallahatta  formation. 

Proportions  of  the  three  geologic  formations 
in  each  watershed  are  as  follows  (in  percent) : 

Kosciusko  Tallahatta  Valley 

Watershed      formation  formation  alluvium 

4  64  29  7 

5  88  10  2 

Classified  by  hydrologic  soil  group,  watershed 
4  has  a  higher  percentage  of  the  better  drained 
group  B  sandy  materials  and  a  lower  percentage 
of  the  group  C  fine-textured  silty  material.  The 
wider  alluvial  bottoms  of  watershed  4  are  sur- 
rounded by  diversion  ditches  dug  in  deep  sandy 
material.  The  narrow  alluvial  bottoms  of  water- 
shed 5  are  confined  to  the  lower  reaches  and  are 
not  protected  by  diversions. 
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Six  complete  land-use  surveys  were  made  on 
each  of  the  two  watersheds  from  1957  to  1972.  A 
summary  of  these  surveys  is  given  in  tables  2  and 
3.  Annually,  there  was  relatively  little  difference 
in  the  percentage  of  total  contributing  area  be- 
tween the  watersheds.  Land  use,  in  some  cases, 
did  change  considerably  during  the  study  period 
(figs.  4  and  5).  The  greater  change  occurred 
during  the  early  period  of  record,  with  a  sub- 
stantial reduction  in  cultivated  land  in  each  wa- 
tershed. Probably  the  most  important  change 
was  the  22-pct  increase  of  the  total  area  in  wa- 
tershed 4  in  pasture  and  13-pct  increase  in  forest, 
with  each  classified  as  good  cover.  The  overall 
change  for  the  period  of  record  (1957-72)  can 
be  summarized  as  follows: 

Land  use  Watershed  U  Watershed  5 

Cultivation   •  •  •  •    8%  reduction  5%  increase. 

Pasture    22%  increase  4%  reduction. 

Idle    25%  reduction  8%  reduction. 

Forest    13%  increase  7%  increase. 

Gully    1%  reduction  0.9%  reduction. 

In  most  cases,  the  annual  change  in  land  use  is 
rellected  in  the  computations  of  gross  erosion 
given  in  table  4.  As  stated  previously,  the  annual 
erosion  was  computed  separately  for  each  deline- 
ated area  and  added  to  give  total  watershed  ero- 
sion. 

If  appraisal  of  sediment  source  areas  in  a  wa- 
tershed were  made  by  a  single  reconnaissance 
survey,  it  is  possible  that  a  very  important  con- 
tributor to  sediment  yield  could  be  underesti- 
mated or  in  some  cases  overlooked  entirely.  It  is 
a  misconception  to  think  that  the  only  significant 
eroded  material  that  is  transported  in  a  stream 
channel  during  storm  runoff  originates  entirely 
from  land  surfaces  within  the  drainage  area.  The 
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Figure  4. — Changes  in  land  use  for  watershed  4, 1957-72. 
Years  are  given  above  the  bars. 


Figure  5. — Changes  in  land  use  for  watershed  5, 1957-72. 
Years  are  given  above  the  bars. 

erosion  that  occurs  within  the  channel  system, 
which  includes  streambed  and  streambank,  can 
be  very  significant  under  some  circumstances. 
This  is  especially  true  if  the  channel  bank  and 
bed  is  composed  largely  of  unconsolidated  mate- 
rial. 

It  has  been  estimated  that  some  300,000  mi  of 
streambank  in  the  United  States  produce  about 
500  million  tons  of  sediment  each  year  (2) .  This 
amounts  to  approximately  0.32  tons/lin  ft  of 
channel.  The  importance  of  channel  contribution 
to  total  sediment  yield  was  recognized  in  water- 
sheds 4  and  5  at  the  time  the  studies  were  initi- 
ated. Quantitative  estimates  of  channel  erosion 
rates  were  obtained  from  cross-section  surveys 
made  at  5-yr  intervals  (figs.  6  and  7) .  Surveys 
were  made  on  approximately  3.5  mi  of  perma- 
nent, well-defined  channels  in  watershed  4  and 
on  2.6  mi  of  permanent,  well-defined  channels  in 
watershed  5  (figs.  8  and  9) . 

Computation  of  sediment  yield  for  the  chan- 
nels was  based  on  an  estimated  in  situ  unit 
weight  of  90  lb/ft3  for  the  eroded  material.  As 
show  in  table  5,  40  pet  of  the  average  annual 
sediment  yield  from  watershed  4  and  16  pet  from 
watershed  5  are  computed  as  channel  erosion. 
The  difference  in  channel  contribution  between 
the  two  watersheds  can  be  attributed  partly  to 
land  use.  The  reduction  in  cultivated  land  com- 
bined with  a  large  increase  in  good-to-excellent 
cover  conditions  in  watershed  4  helped  to  reduce 
the  amount  of  eroded  material  reaching  the  chan- 
nel system;  whereas,  an  increase  in  cultivated 
land  with  a  reduction  in  permanent  cover  con- 
tributed to  conditions  in  watershed  5  that  pro- 
vided for  more  eroded  material  reaching  the 
channel  system.  The  increased  amount  of  over- 
land eroded  material  reaching  the  channel  sys- 
tem in  watershed  5  probably  decreased  propor- 
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Table  4. — Computed  gross-erosion  and  sediment-delivery  ratios 


Watershed 
and 
year 


Gross  erosion  (tons/acre) 


Delivery  ratio1 


C  area 


Total  area 


Pet 


Watershed  4: 


Adjusted'2 


±yo  /    cm.c 

9Q  A 

93 

GO 

1  Q 

1                                                             11  Q 

1  A  fl 
14. U 

lo 

o 
o 

1 OCG                                                  Q  A 

iyoy    y.4 

19  Q 

lo.  o 

01 

97 

iy Ik)    i.i 

fi  9 

98 
oo 

-LO 

iy/i    i.i 

S  9 
o.Z 

oU 

lo 

1972    8.0 

8.3 

Watershed  5 : 

1957    16.5 

19.5 

61 

52 

1963    11.7 

14.3 

20 

18 

1967    13.3 

14.1 

53 

46 

1970    12.2 

13.1 

61 

48 

1971    12.2 

13.1 

40 

33 

1972    15.1 

17.9 

C  Contributing  area. 

1  Delivery  ratio  computed  for  contributing 

area  only. 

2  Delivery  ratio  adjusted  for  channel  erosion. 

Table  5. — Channel  erosion,  1957-72 

Watershed  4 

Watershed  5, 

Explanation 

1,580  acres1 

1,000  acres2 

Total  length  of  channels  surveyed 

 ft....  18,500 

13,550 

Total  sediment  yield3   

.  tons. . . ■  35,299 

17,731 

Average  annual  yield  per  linear 

foot  of  channel   

■  ton...  0.127 

0.087 

Average  annual  yield  per  acre4   

■  tons....  1.24 

1.05 

Channel  contribution  to  average 

annual  sediment  vield3   

...pet..--  40 

16 

1  Watershed  area  adjusted  on  Jan.  1 

1965 

,  from  2,000  to  1,580  acres. 

-  Watershed  area  adjusted  on  Oct.  1 

1969 

,  from  1,130  to  1,000  acres. 

:;  Based  on  an  estimated  in  situ  unit 

weight  of  90  lb/ft3  for  the  eroded  material. 

4  Adjusted  for  change  in  drainage  area. 

s  14-year  average  sediment  yield  (tons/acre)  measured  at  gag 

ing  station. 

AVERAGE  CROSS  SECTION  IN  FEET  AVERAGE  CROSS  SECTION  IN  FEET 

Figure  6. — Channel  4  cross  section.  Figure  7. — Channel  5  cross  section. 
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Figure  8.— Channel  4  profile. 


50O0  4000  3000  2000 


0*00  -1000  -2000 


LENGTH  IN  FEET 


Figure  9. — Channel  5  profile. 

tionally  the  capacity  of  the  flowing  water  to 
transport  materials  previously  deposited  in  the 
channel. 

Another  factor  that  may  be  significant  is 
channel  transmission  losses.  The  ground-water 
table  in  watershed  4  is  several  feet  below  the 
channel  beds  in  most  places.  In  watershed  5  the 
ground  water  intersects  the  streambed  of  the 
main  channel  and  major  tributaries  at  several 
points.  Consequently,  the  channel  bed  remains 
wet  even  during  periods  of  prolonged  drought. 
Generally,  the  bank  material  in  watershed  5  is 
composed  of  less  permeable  material  than  that  of 


watershed  4.  Grissinger  (5,  6)  concluded  that 
the  susceptibility  of  most  impermeable  material 
to  erosion  was  less  on  continuously  wet  soil  than 
on  soil  alternately  wet  and  dry.  In  general,  the 
measured  erosion  rates  decreased  with  increas- 
ing aging  or  wetting  time. 

Under  most  conditions,  only  a  portion  of  the 
eroded  material  constituting  gross  erosion  com- 
pletely leaves  a  watershed.  The  percentage  of 
sediment  delivered  from  the  upland  point  of  de- 
tachment to  a  specified  location  downstream  in 
a  watershed  is  influenced  by  such  factors  as  size 
and  complexity  of  the  drainage  network,  size 
and  texture  of  erodible  material,  land  use,  and 
general  physiographic  position.  Eroded  mate- 
rials are  deposited  in  grass  waterways,  along 
field  boundaries,  in  terrace  channels,  along  flood 
plains,  and  at  the  toe  of  field  slopes  within  the 
watershed  Consequently,  gross  erosion 

must  be  adjusted  downward  in  order  to  estimate 
sediment  yield  at  a  particular  point.  This  down- 
ward adjustment  is  expressed  as  the  delivery 
ratio  and  in  common  usage  is  the  percentage  of 
computed  gross  erosion  reaching  the  measuring 
point.  The  greater  the  sediment-delivery  ratio, 
the  greater  the  sediment  yield;  and  as  sediment 
yield  increases,  less  of  the  detached  or  eroded 
material  is  trapped  within  the  watershed  (11). 
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If  true  values  are  to  be  assigned  to  the  ratio  of 
sediment  delivered  by  overland  flow  to  a  speci- 
fied point  in  a  stream  channel,  it  is  necessary  to 
consider  the  amount  that  the  channel  contributes 
to  total  sediment  yield.  Computed  gross  erosion 
and  adjusted  sediment-delivery  ratios  are  shown 
in  table  4.  The- delivery  ratios  were  adjusted  in 


an  amount  proportional  to  the  average  annual 
yield  attributed  to  channel  erosion.  As  would  be 
expected,  the  adjusted  delivery  ratios  were  much 
higher  for  watershed  5  than  for  watershed  4. 
The  average  adjusted  delivery  ratio  for  the  peri- 
od of  record  was  39  pet  for  watershed  5  and  18 
pet  for  watershed  4. 


Although  the  weighted  precipitation  on  the 
watersheds  for  a  14-yr  period  was  nearly  equal, 
analysis  of  the  runoff  data  show  that  runoff  and 
sediment  yields  were  consistently  related  by  a 
ratio  of  2  to  1.  Geological  and  soil  factors  were 
the  major  contributors  to  the  difference  in  run- 
off between  the  two  watersheds. 

Land  use  did  change  considerably  during  the 
reporting  period.  There  was  an  overall  reduction 
of  8  pet  in  total  cultivated  area  in  watershed  4, 
as  compared  to  a  5-pct  increase  in  watershed  5. 
Pasture  and  forestland,  classified  as  good-to- 
excellent  cover,  increased  35  pet  in  watershed  4 
but  only  3  pet  in  watershed  5.  Changes  in  land 
use  were  reflected  in  the  computations  of  gross 
erosion.  Computed  gross  erosion  from  watershed 
4  was  reduced  by  12.2  tons/acre  during  1957-72. 


CONCLUSIONS 

In  watershed  5  gross  erosion  was  reduced  by  only 
1.4  tons  during  the  same  period  of  time. 

The  sediment  yield  per  inch  of  runoff  was 
essentially  the  same  for  both  watersheds  over  the 
period  of  record.  Channel  erosion  accounted 
for  40  pet  of  the  average  annual  sediment  yield 
in  watershed  4  and  16  pet  in  watershed  5.  In 
order  to  determine  the  sediment-delivery  ratios 
of  computed  sheet  and  gully  erosion,  measured 
sediment  yields  were  reduced  by  the  amount  of 
channel  erosion  which  occurred  during  the  pe- 
riod of  record.  The  2-to-l  runoff  ratio  for  these 
two  adjacent  watersheds,  which  otherwise  are 
similar  in  many  respects,  is  a  good  example  of 
why  it  is  so  difficult  to  develop  runoff  prediction 
models  for  ungaged  watersheds. 
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TOTAL  SEDIMENT  LOAD  BY  THE  EXTRAPOLATED 

DATA  PROCEDURE 

By  Paul  B.  Allen  and  Bill  B.  Barnes2 

INTRODUCTION 


Accurate  sediment-transport  data  are  often 
needed  in  hydrologic  research  and  in  the  engi- 
neering design  of  water-control  structures.  For 
data-collection  programs  where  samples  of  sus- 
pended sediment  are  taken  with  depth-integrat- 
ing samplers,  a  portion  of  the  flow  depth  cannot 
be  sampled  because  the  sampler  nozzle  does  not 
travel  all  the  way  to  the  bed.  This  unmeasured 
distance  varies  from  0.30  to  0.49  ft,  depending 
upon  the  sampler.  According  to  Colby  and  Hub- 
bell  (5)  ,3  unmeasured  transport  can  amount  to 
over  60  pet  of  total  transport.  Sampling  of  the 
total  load  is  possible  if  sampling  is  done  at  se- 
verely contracted  stream  sections  where  there  is 
great  turbulence  or  at  manmade  overfalls  de- 
signed so  that  the  sampler  nozzle  can  pass  com- 
pletely through  the  flow.  Channel  contractions, 
however,  are  rarely  near  gaging  stations,  and 
costs  of  overfall  structures  usually  prohibit  their 
use.  Therefore,  computational  procedures  are 
usually  used  to  determine  total  transport.  There 
are  only  two  computational  procedures  developed 
specifically  to  compute  the  total  transport  when 
measured  load  is  determined  with  depth-inte- 
grated samples.  These  are  the  modified  Einstein 
procedure  (Colby  and  Hembree,  h,  and  Colby  and 
Hubbell,  5)  and  a  method  based  on  mean  velocity 
introduced  by  Colby  (3) . 

Values  of  total  transport  can  be  determined  by 
such  procedures  or  equations  as  the  Einstein, 
Meyer-Peter  and  Mueller,  or  Schoklitsch  to  pre- 

1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Okla- 
homa Agricultural  Experiment  Station,  Stillwater,  Okla. 

2  Hydraulic  engineer  and  engineering  technician,  re- 
spectively, Southern  Region,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Chickasha, 
Okla.  73018. 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  preceding  the  appendix  to  this  paper. 


diet  the  bed-material  transport  and  by  using  the 
finer  sediment  fractions  of  depth-integrated 
samples  to  determine  the  wash  load.  Where  accu- 
rate total  transport  data  are  desired,  however, 
such  predictions  are  impractical  because  inher- 
ent prediction  errors  of  bed-material  equations 
are  so  large  that  total  transport  by  this  proce- 
dure will  often  be  less  than  the  transport  deter- 
mined from  depth-integrated  samples  alone. 

Numerous  comparisons  of  unmeasured  load 
computed  by  the  modified  Einstein  and  Colby 
procedures  were  made  for  four  Washita  River 
gaging  stations  and  two  tributary  stations.  The 
agreement  between  the  procedures  was  only  fair, 
and  it  could  not  be  determined  which  procedure 
was  more  accurate.  Attempts  were  made  to 
evaluate  the  accuracy  of  the  two  methods  by 
Brooks'  (2)  modification  of  the  Einstein  proce- 
dure. Because  this  procedure  uses  field-deter- 
mined velocities  and  sediment  concentrations  to 
calculate  total  suspended  transport,  it  conceiv- 
ably should  have  provided  an  accurate  basis  for 
comparison.  Total  suspended  loads  computed  by 
this  method,  however,  were  sometimes  less  than 
measured  loads,  a  physical  impossibility.  As  re- 
ported by  Allen  and  Welch  (1) ,  better  results 
were  obtained  by  determining  a  ratio  of  the 
transport  computed  for  the  total  depth  to  that 
computed  for  the  measured  depth,  both  trans- 
ports being  computed  by  the  Brooks'  modifica- 
tion. The  load  computed  from  depth-integrated 
samples  was  multiplied  by  the  above  ratio  to  get 
the  total  suspended  load.  The  fact  that  field- 
obtained  velocities  did  not  agree  with  the  loga- 
rithmic velocity  equation  used  in  the  Brooks' 
modification  probably  caused  computed  total 
loads  to  be  less  than  measured  loads.  The  Brooks' 
modification  was  also  objectionable  because  of 
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the  large  amount  of  field  data  required,  necessi- 
tating considerable  laboratory  and  office  time. 
To  circumvent  both  problems,  a  new  method, 
called  the  extrapolated  data  procedure,  was  de- 
veloped. 

This  paper  details  the  development  of  the  ex- 


trapolated data  procedure  and  shows  compari- 
sons of  unmeasured  loads  determined  with  com- 
putations by  the  modified  Einstein,  Colby,  and 
extrapolated  data  procedures.  The  step-by-step 
computational  procedure  is  given  in  the  appendix 
to  the  paper. 


DEVELOPMENT  OF  THE  NEW  PROCEDURE 


The  same  general  transport  equation  used  by 
Einstein  (6)  and  Brooks  (2)  was  used: 

q,=fc»vdy,  (1) 

where    9.,= sediment  transport  per  unit  of 
width, 

c=sediment  concentration, 
v= velocity, 
and        i/=distance  from  the  bed. 

The  classical  sediment-distribution  equation 
introduced  by  Rouse  (8)  was  selected  for  use  in 
the  extrapolated  data  procedure.  This  equation 
is 

c      /  d—y 

Ca~ 


V 


d — a 


(2) 


where    c  and  ca=concentrations  of  suspended 
sediment  at  distances  y  and  a 
above  the  bed,  respectively, 
d= stream  depth, 

vs 

kn* 

v,=fall  velocity  of  the  sediment 

particle, 
fe=von  Karman  constant, 
u  *  =  V  gdS= shear  velocity, 
S= energy  gradient, 
and  gr=gravity    acceleration  con- 

stant. 

The  z  values  were  determined  from  the  field 
data.  If  the  concentrations,  c,  are  plotted  against 

the  associated-?^,  both  on  logarithmic  scale,  z 
V 

is  the  slope  of  the  line  through  the  data  with  re- 
d — y 

specttothe  •  scale.  The  collected  data,  in  gen- 

V 

eral,  made  good  straight-line  plots.  If  the  point 

where  -r- —  =1.0  is  chosen,  and  the  associated 
d — a 

c„  is  called  c0,  equation  2  becomes 

fd—ys 


c=cc 


y 


which  is  the  form  used  in  the  extrapolated  data 
procedure.  Other  relations  of  sediment  distribu- 
tion, such  as  those  by  Willis  (10)  and  Toffaleti 
(9),  were  not  considered  because  of  good  data 
fits  with  equation  3.  The  other  methods  were  also 
more  complex  and  therefore  more  difficult  to 
apply.  It  is  recognized,  however,  that  the  relation 
used  by  Toffaleti  greatly  simplifies  integration 
of  the  general  transport  equation,  equation  1. 

For  velocity  distribution  in  the  vertical  direc- 
tion, the  widely  used  logarithmic  velocity  equa- 
tion was  first  investigated: 


v=vB 


2.30m* 


y 

lOg10  -J, 


(4) 


y 


(3) 


where    v= velocity  at  any  distance,  -j,  above  the 
bed, 

and    ?w=the  maximum  velocity,  usually  as- 
sumed to  be  the  surface  velocity 
y 

where =1.0. 

Figure  1  shows  plotted  data  from  the  Washita 
River  gaging  station  at  Verden,  Okla.  The  dis- 

y 

tance  from  the  bed,  -  j,  is  plotted  on  a  logarithmic 

scale  against  the  associated  velocity  on  a  linear 
scale.  Although  the  data  make  good  straight-line 
plots  around  mid-depth,  the  velocities  near  the 
surface  are  much  too  low.  This  probably  is 
caused  by  secondary  currents  in  the  flow.  These 
low  velocities  near  the  surface  might  also  ex- 
plain, as  mentioned  earlier,  why  total  transports 
computed  by  the  Brooks'  modification  were 
sometimes  less  than  measured  transports. 

Another  problem  with  the  logarithmic  velocity 
equation  was  that  the  velocity  commonly  reached 
zero  at  some  distance  above  the  bed.  For  in- 
stance, in  figure  1,  velocities  in  verticals  27,  33, 
and  51  reached  zero  at  0.05, 1.1,  and  0.01  ft  above 
the  bed,  respectively.  To  eliminate  the  latter 
problem,  a  power  function  velocity  equation  was 
selected.  Although  data  fits  over  the  entire  depth 
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Figure  1. — Vertical  velocity  distributions  for  a  4,360-ftVs  flow,  Washita  River  near  Verden,  Okla. 


were  not  as  good  as  the  logarithmic  relation,  data 
fits  below  mid-depth  appeared  to  be  just  as  good. 
Extrapolating  velocities  toward  the  bed  ap- 
peared more  logical  because  no  negative  veloci- 
ties could  result.  To  determine  the  power  func- 
tion equation,  plot  the  velocities,  v,  against  asso- 
ciated distance  from  the  bed,  y,  both  on  logarith- 
mic scale.  The  equation  is  of  the  form 


v=v0y" 


(5) 


where 


and 


t>=velocity  at  any  distance,  y,  from  the 
bed, 

t?0=velocity  at  ?/=1.0, 
m=slope  of  a  line  through  the  data  with 
respect  to  the  distance,  y,  scale. 


A  velocity  equation  developed  by  Willis  (11) 
was  also  investigated.  This  relation  was  devel- 
oped by  applying  an  error  function  approxima- 
tion to  the  turbulent  momentum  diffusion  coeffi- 
cient. When  field  data  below  mid-depth  were 
fitted  to  this  equation,  the  bulk  of  the  predicted 
velocities  in  the  unmeasured  zone  either  closely 
followed  the  power  function  predictions  or  fell 
about  midway  between  the  power  function 
equation  and  the  logarithmic  velocity  equation 
predictions.  The  maximum  difference  in  trans- 
port in  the  unmeasured  zone  for  the  three  meth- 
ods was  30  pet  of  the  average  of  all  three  trans- 
ports. When  differences  were  compared  on  a 
total  sand  transport  basis,  however,  the  maxi- 
mum difference  was  only  4  pet.  Further  research 
is  still  needed  on  the  best  velocity  equation  for 
natural  streams. 

When  concentration  equation  3  and  velocity 


equation  5  are  substituted  in  general  transport 
equation  1  and  limits  of  integration  and  a  unit 
conversion  constant  are  added,  the  following 
equation,  with  terms  as  previously  defined,  is 
obtained: 


gs=0.0027c 


27c0v0  / ' 
Jy 


y  =  0.3  ft 

2D  ft 


r 


d—y 

y 


dy.  (6) 


The  lower  limit  of  integration  was  chosen  as 
2D,  or  twice  the  mean  grain  size  of  the  bed  mate- 
rial, as  suggested  by  Einstein  (6) .  For  the  Wa- 
shita River  bed  material,  2D  is  approximately 
0.001  ft.  The  upper  limit  of  integration  was 
chosen  as  0.3  ft  because  nearly  all  the  depth- 
integrated  samples  were  taken  with  a  U.S.  D-49 
sampler.  Although  the  vertical  distance  from  the 
nozzle  to  the  sampler  bottom  is  0.33  ft,  it  was  as- 
sumed that  the  sampler  sinks  into  the  bed  sand  a 
few  hundredths  of  a  foot,  resulting  in  the  0.3-ft 
distance.  The  constant,  0.0027,  converts  qs  to 
tons  per  day  when  v0  is  expressed  in  feet  per  sec- 
ond and  d  and  y  are  expressed  in  feet. 

Although  equation  6  can  be  integrated  when  z 
and  m  are  integers,  there  is  no  general  solution. 
Rather  than  use  one  of  the  approximation  pro- 
cedures, such  as  the  Gaussian  quadrature  proce- 
dure, to  solve  the  integral,  the  authors  chose 
arithmetic  integration  with  an  electronic  com- 
puter. When  by  increments  of  1.25  X 10"4  ft  were 
used,  maximum  errors  from  computer  integra- 
tion were  less  than  0.2  pet  for  the  Washita  River 
data.  Although  computer  integration  is  generally 
preferable,  a  solution  nomograph,  shown  in  fig- 
ure 2,  was  prepared  to  provide  a  quick  estimate 
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of  qs  when  the  variables  z,  d,  m,  c0,  and  v0  are 
known.  The  nomograph  was  constructed  with  a 
bed-sedment  mean  size  of  5.0  Xl0~4  ft.  If  the 
nomograph  is  used  for  sediment  sizes  slightly 
larger  or  smaller,  no  appreciable  prediction  er- 
rors result.  The  nomograph  should  not  be  used, 
however,  for  bed  sediments  with  mean  sizes  more 
than  twice  this  size,  because  with  relatively  high 
z  values,  errors  of  20  pet  or  more  are  produced. 

Unmeasured  sand-transport  determinations 
must  be  made  for  each  sand-size  range  at  each 


vertical  because  the  particle  fall  velocity  varies 
with  the  particle  size,  resulting  in  different  c0 
and  z  values  in  the  concentration  distribution 
equation.  The  c0  and  z  values  usually  vary  for  the 
same  sediment-size  range  from  vertical  to  ver- 
tical because  of  different  turbulence  and  second- 
ary current  conditions.  Sand-size  ranges  that 
are  satisfactory  for  these  calculations  are  those 
recommended  by  the  Subcommittee  on  Sediment 
Terminology  of  the  Committee  on  Dynamics  of 
Streams  of  the  American  Geophysical  Union 


-J  0.0002 


Figure  2.— Nomograph  to  determine  sediment  load  in  the  unmeasured  zone  by  the  extrapolated  data  procedure. 

103 


(7).  Size  ranges  for  very  fine  sand,  fine  sand, 
and  medium  sand  are  0.062  to  0.125,  0.125  to 
0.250,  and  0.250  to  0.500  mm,  respectively. 

Each  sand  transport,  qs,  represents  transport 
per  foot  of  width.  The  widths,  associated  with 
each  vertical  is  assumed  to  reach  halfway  to 
adjacent  verticals.  Each  qs  is  multiplied  by  the 
associated  width  to  determine  QS)  the  transport 
per  width  increment.  All  Qs  values  are  totaled  to 
determine  total  sand  transport  in  the  unmeas- 
ured zone. 

Next,  sand  transport  in  the  measured  zone 
must  be  determined.  The  concentration  of  sand 
should  already  be  known  from  depth-integrated 
samples  that  were  taken  down  to  i/=0.3  ft.  An 
adjustment  must  be  made  in  the  discharge,  how- 
ever, because  it  represents  flow  for  the  entire 
depth.  For  each  vertical,  v0  and  m  values  of  the 
velocity  distribution  equation  are  already 
known.  The  discharge,  q,  per  foot  of  width  in  the 
unmeasured  zone  is  represented  by  the  integral 


fy=o. 

?=  / 

A=o.o 


=  0.3  ft 


001ft 


vdy. 


(7) 


If  velocity  equation  5  is  substituted  in  equation 
7,  the  integral  becomes 


Jy 


y  =  0.3  ft 


•dy. 


'3/=0.001ft 

Integration  of  equation  8  gives 

v0 
m+1 


(8) 


(9) 


The  discharge,  Q,  associated  with  each  vertical 
is  obtained  by  multiplying  the  computed  dis- 


charge per  foot  of  width,  q,  times  the  width,  w, 
associated  with  each  vertical.  All  Q's  are  summed 
to  obtain  the  discharge  in  the  unmeasured  zone 
for  the  entire  stream  cross  section.  This  latter 
discharge  must  be  subtracted  from  the  total  dis- 
charge of  the  stream  to  determine  the  discharge 
in  the  measured  zone.  The  measured  zone  sand 
transport  is  the  product  of  the  measured  zone 
discharge,  the  concentration  of  sand  in  the 
depth-integrated  samples,  and  the  constant 
0.0027. 

The  final  component  of  total  transport  is  the 
fine  material  load  or  all  material  finer  than  sand- 
size  material.  It  has  been  found  from  experience 
that  the  silt  and  clay  particles  are  so  uniformly 
mixed  in  the  Washita  River  that  separate  calcu- 
lations of  the  measured  zone  and  unmeasured 
zone  are  unnecessary.  Therefore,  the  total  trans- 
port of  fine  material  is  found  by  taking  the  prod- 
uct of  the  total  discharge,  the  concentration  of 
silt  and  clay  in  the  depth-integrated  samples,  and 
the  constant  0.0027.  Total  transport  is  finally  the 
sum  of  measured  sand  transport,  unmeasured 
sand  transport,  and  fine  material  transport. 

It  should  be  pointed  out  that  the  foregoing  pro- 
cedure does  not  account  for  bedload,  or  contact 
load,  as  it  is  sometimes  called.  From  numerous 
modified  Einstein  calculations  it  was  determined 
that  bedload  on  the  Washita  River  was  such  a 
small  percentage  of  the  yearly  transport  that  it 
generally  could  be  ignored.  If  bedload  amounts 
are  needed,  they  can  be  calculated  with  the  Ein- 
stein bedload  function  procedure  (6)  or  the 


modified  Einstein  total  load  procedure  (-4,  5) , 

COMPARISON  OF  COMPUTED  TRANSPORTS 


The  necessary  field  data  were  collected  so  that 
total  loads  could  be  computed  by  the  extrapolated 
data,  modified  Einstein,  and  Colby  procedures. 
Data  were  collected  from  six  discharge  rates  at 
four  gaging  stations  on  the  Washita  River  in 
Oklahoma.  Data  at  each  discharge  rate  included 
a  discharge  measurement,  depth-integrated  sedi- 
ment samples,  bed-material  samples,  and  the 
flow  temperature.  In  addition,  velocity  measure- 
ments were  made  and  point-integrated  suspend- 
ed-sediment samples  were  taken  in  2  to  5  points 
below  mid-depth  in  7  to  10  verticals. 

Table  1  compares  unmeasured  loads  deter- 
mined with  the  extrapolated  data,  modified 
Einstein,  and  Colby  procedures.  It  should  be 


pointed  out  that  there  is  several  times  more 
transport  in  the  unmeasured  zone  than  these 
figures  indicate.  This  results  from  the  somewhat 
ambiguous  method  of  computing  measured 
transport.  Measured  transport  is  determined 
with  mean  concentrations  from  samples  taken 
down  to  0.3  ft  from  the  bed  multiplied  by  the  flow 
that  goes  all  the  way  to  the  bed.  This  so-called 
measured  transport  therefore  represents  trans- 
port in  both  the  measured  and  unmeasured  zones. 
It  is  missing  only  bedload  and  the  difference  in 
transport  caused  by  using  a  measured  mean  con- 
centration instead  of  the  total  mean  concentra- 
tion. The  unmeasured  data  given  in  table  1  rep- 
resent this  difference. 
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Table  1. — Comparison  of  unmeasured  load  computed  by  three  procedures 


Washita  River    Drainage  Measured  Unmeasured  transport3  (tons/d) 


(Okla.)  areai          Date      ^J^f 6  transport  f.e*JJ°*?"  Extrapolated 

gaging  station       (mi=)  (lt /s)     (tons/d)  ^tons/d)         data  Einstein  Colby 


Anadarko   2,160  05-13-64  1,630  24,300  (•*)  320  (1.3)  (*)  2,470  (10.0) 

Do    2,160  11-06-64  3,860  55,200  (<)  330  (  .6)  (*)  4,260  (7.7) 

Verden    2,587  11-07-64  4,360  57,600  200  590  (1.0)  1,990  (3.4)  3,450  (5.9) 

Chickasha    2,763  06-26-63  2,390  69,000  100  240  (  .3)  780  (1.1)  1,580  (2.3) 

Alex    3,290  06-27-63  1,250  29,700  120  670  (2.2)  1,690  (5.6)  2,510  (8.3) 

Do    3,290  11-09-64  4,250  85,900  250  4,730  (5.2)  3,270  (3.6)  7,690  (8.5) 


1  Excludes  the  area  above  Foss  Reservoir.  2  Computed  by  modified  Einstein  procedure. 

3  Numbers  in  parentheses  are  values  of  unmeasured  loads  as  percentages  of  total  loads. 

4  No  computation  for  lack  of  bed  material  on  unbroken  sandstone  bed. 


The  bedload  data  given  in  table  1  were  deter- 
mined with  the  modified  Einstein  procedure. 
These  data  have  been  added  to  the  extrapolated 
data  procedure  values  for  a  more  valid  compari- 
son because  the  modified  Einstein  and  the  Colby 
unmeasured  load  data  already  contain  bedload. 
As  table  1  shows  and  as  previously  stated,  little 
is  lost  if  bedload  is  ignored  for  this  particular 
river. 

For  the  two  flows  at  the  Anadarko  station 
that  have  an  unbroken  sandstone  bed,  very  little 
is  gained  by  making  a  total  load  computation. 
The  extrapolated  data  procedure  figures  show 
that  only  1.3  and  0.6  pet  of  the  total  transport  is 
unmeasured  load.  Modified  Einstein  calculations 
could  not  be  made  at  this  station  for  the  lack  of 
bed  material.  Computations  by  the  Colby  method 
at  this  station  were  about  10  times  too  high.  The 


Colby  procedure  is  supposed  to  be  used  only  for 
sand-bed  streams. 

The  river  channel  at  the  Verden  station  and 
the  Chickasha  station  is  relatively  narrow  and 
deep.  The  extrapolated  data  procedure  figures 
show  that  only  1.0  and  0.3  pet  of  the  total  trans- 
ports were  unmeasured.  Modified  Einstein 
computations  are  slightly  high  but  not  objection- 
ably high.  Colby  computations  are  roughly  6 
times  too  high. 

The  channel  at  the  Alex  station  is  wider  and 
shallower  than  the  others.  Here  the  extrapolated 
data  computations  show  that  2.2  and  5.2  pet  of 
the  total  load  is  unmeasured  load.  The  modified 
Einstein  computation  predicts  twice  too  much 
for  the  smaller  flow,  but  underpredicts  the 
larger  flow  rate.  Computations  by  the  Colby 
procedure  overpredicted  both  flows. 
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APPENDIX.-STEP-BY-STEP  CALCULATION  OF  TOTAL  LOAD  BY 
THE  EXTRAPOLATED  DATA  PROCEDURE 


1.  For  each  sand  fraction  in  each  vertical,  plot 


concentration  against  corresponding 


d—y 

y 


,  both 


on  logarithmic  scale,  as  shown  in  figure  3,  and 
fit  a  straight  line.  Pick  the  intercept,  c0,  where 

d—y 


the  line  crosses  1.0  on  the 


y 


second  concentration,  cu  where 


scale.  Pick  a 
d-^y 


V 


equals 


10.0.  Compute  the  slope,  z,  of  the  line  by  the 
equation 

z=log10  — . 

Record  all  c0  and  z  values  as  shown  in  figure  4. 

2.  For  each  vertical,  plot  velocities  against  cor- 
responding distances  from  the  bed,  y,  both  on 
logarithmic  scale,  as  shown  in  figure  5,  and  fit  a 
straight  line.  Pick  the  intercept,  v0,  where  the 


10.000 
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Co 

>\ 
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Figure  3. — Typical  plotting  of  concentration  data  to  de- 
termine slope,  z,  and  intercept,  c0. 


Station:  Washita  River  at  Alex,  Oklahoma    Date:  11-9-64    Time:  1016-1314 
Mean  gage  height:  12.03  feet    Flow:  4,250  cubic  feet  per  second 
Measured  concentration:  Fines  (<0.062  millimeters)  5,480  parts  per  million 

Sand  (>0.062  millimeters)  2,010  parts  per  million 


Vertical 
(ft) 

Sand 
fraction 
(mm) 

z 

Depth 

d 
(ft) 

m 

% 
covo 

vo 
(fps) 

c0 
(ppm) 

Unmeasured 
transport 

(tons/day/ft) 

Width 
w 

(ft) 

Unmeasured 
transport 

Qs 

(tons/day) 

Flow  adjustment 

q 

(cfs/ft) 

Q 

(cfs) 

140 

0.062-0.125 
0.125-0.250 
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.67 

7.2 
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11 
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32 
11 

II 

II 
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110 
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it  ii 

.73 
.91 
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11 

.17 

II 

0.0139 
0.035 

5.35 

II 

1,180 
180 

88 
34 

11 

880 
340 

1.31 

13.1 

180 

it  ti 

.53 
1.12 

7.8 

.34 

II 

0.0037 
0.066 

4.02 

II 

1,100 
115 

16 
31 

11 

160 
310 

.87 

8.7 
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M  ii 

.48 
.94 

7.8 

.23 

II 

0.0038 
0.036 

4.69 

1,200 
140 

21 
24 

210 
240 

1.06 

10.6 
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it  ii 

.24 
.62 

7.9 

ft 

.14 
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0.00164 
0.0094 
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8.3 
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11 
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1.20 

12.0 
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it  ii 

.22 
.70 
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0.00140 
0.0131 

4.39 

II 
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5.9 
13 

59 
130 
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10.5 
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.15 
.46 

9.1 
it 

.26 

II 

0.00088 
0.0035 

3.66 

11 

900 
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2.9 
3.2 

II 

29 
32 

.81 

8.1 

Unmeasured  sand  transport  =  4,765  Flow  adjustment  87.4 

Measured  sand  transport  = 

(total  flow  -  flow  adjustment)  x  measured  sand  in  parts  per  million  x  .0027  =   

(4,250  -  87)  x  2,010  x  .0027  =   |  22 , 593  tons  per  day | 

Measured  fines  transport  (<0.062  millimeters)  = 


total  flow  x  measured  fines  in  parts  per  million  x  .0027  = 
4,250      x  5,480  x  .0027  = 

Unmeasured  sand  transport  = 
Total  transport  = 

.—Computational  form  for  unmeasured  sediment  transport,  flow  adjustment,  and  total  sediment  transport. 


62,883  tons  per  day 
4,765  tons  per  day 
90,241  tons  per  day 
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DISTANCE    FROM   BED.y,  IN  FT 
Figure  5. — Typical  plotting  of  velocity  data  to  determine 
slope,  m,  and  intercept,  v0. 

line  crosses  1.0  on  the  distance  scale.  Pick  a  sec- 
ond velocity,  vu  where  the  distance,  y,  equals 
10.0.  Compute  the  slope,  m,  of  the  line  by  the 
equation 

ra=log10  — . 

v0 

This  must  be  done  for  each  vertical.  Record 
all  v0  and  m  values  on  the  form  (fig.  4),  dupli- 
cating these  values  for  all  sand  fractions  within 
a  particular  vertical. 

3.  Record  depths,  d,  for  each  vertical  on  the 
form  (fig.  4) .  Using  the  z,  d,  and  m  data  on  the 
form  and  the  nomograph  (fig.  2) ,  compute  and 
,  Qs 

record         for  each  sand  size  at  each  vertical. 

CoV0 

Use  the  nomograph  as  follows  for  an  example 
where  2=1.06,  d=h.O,  and  ra=0.26:  Locate 
2=1.06  on  the  z  scale,  point  A.  Since  w=0.26  is 
between  m=0.2  and  m=0.4,  scale  with  dividers 
from  point  A  to  the  nearest  m=0.4  line.  Trans- 
fer this  distance  downward,  following  the  m 
=0.4  line  and  keeping  the  divider  legs  parallel 
to  the  initial  setting  and  locate  point  B  where 
the  divider  leg  originally  set  on  point  A  inter- 
sects the  line  where  d=5.0.  Next  span  from  point 
A  to  the  m=0.2  line.  Transfer  this  distance  simi- 
larly downward,  following  the  m=0.2  line  and 
establish  point  C.  With  the  dividers,  locate  point 
D  which  is  three-tenths  of  the  C-B  distance,  to 
represent  an  m  of  0.26.  Horizontally  from  point 

D,  read  —^-=0.039. 

C0Vo 


4.  Determine  the  transport,  qs,  in  tons  per  day 
per  foot  of  width  by  multiplying  by  the 

CoVo 

associated  c0  and  v0  values  from  the  form  (fig. 
4) .  As  previously  mentioned,  numerical  integra- 
tion of  equation  6  with  an  electronic  computer 
may  be  preferable  to  steps  3  and  4. 

5.  The  stream  width,  w,  associated  with  each 
vertical  is  recorded  on  the  form  (fig.  4).  The 
width  of  any  particular  vertical  is  usually  as- 
sumed to  reach  half  way  to  the  adjacent  verticals. 
Qs  in  tons  per  day  is  computed  for  each  sand  size 
for  each  vertical  by  Qs=qsw  and  recorded. 

6.  All  Qs  values  are  totaled.  This  represents 
unmeasured  suspended-sand  transport  below 
y=0.3  ft. 

7.  Measured  and  transport  must  now  be  com- 
puted. The  concentration  of  sand  should  already 
be  known  from  depth-integrated  samples  that 
were  taken  down  to  a  y  of  0.3  ft.  An  adjustment 
must  be  made  in  the  discharge,  however,  because 
it  represents  flow  for  the  entire  section.  With 
the  nomograph  (fig.  6)  and  the  same  vertical 
velocity  m  and  v 0  values  on  the  form  (fig.  4) ,  q's 
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Figure  6. — Graph  to  determine  discharge,  q,  in  cubic  feet 
per  second  per  foot  of  width  for  the  un- 
sampled  depth. 
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are  determined  for  each  vertical  in  cubic  feet  per 
second  per  foot  of  width  for  the  bottom  0.3  ft  of 
depth.  These  q's  are  multiplied  by  the  applicable 
width,  w,  on  the  form  (fig.  4)  for  each  vertical 
to  obtain  Q's.  These  Q's  are  totaled  and  sub- 
tracted from  the  discharge  for  the  total  section. 
This  measured  zone  discharge  is  multiplied  by 
the  sand  concentration  of  the  depth-integrated 
samples  and  0.0027  to  get  the  measured  sand 
transport  in  tons  per  day. 


8.  The  transport  in  tons  per  day  of  material 
finer  than  sand  is  computed  by  multiplying  the 
total  flow  by  the  concentration  of  silt  and  clay 
in  the  depth-integrated  sediment  samples  and 
by  the  constant,  0.0027. 

9.  Total  transport  is  the  sum  of  the  unmeas- 
ured sand,  measured  sand,  and  fine-material 
transport. 
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ESTIMATING  YIELD  OF  COARSE  BED  MATERIAL 


By  James  L.  Hunt1 


In  evaluating  gross  watershed  erosion,  one  of 
the  more  elusive  components  of  the  erosion  ac- 
count is  the  quantitative  value  for  sediments 
transported  as  bedload.  The  water  conveyance 
systems  with  which  the  Soil  Conservation  Serv- 
ice (SCS)  is  concerned  may  operate  infrequent- 
ly as  gullies  or  ephemeral  streams  or  continuous- 
ly as  perennial  streams.  Evaluations  of  bedload 
movement  may  be  made  for  one  or  more  of  the 
following  purposes:  determining,  in  part,  the 
long-term  sediment  storage  requirements  for  im- 
poundment reservoirs;  estimating  the  frequency 
of  cleanout  for  debris  basins;  estimating  changes 
in  amounts  of  material  movement  through  spe- 
cific stream  reaches  as  a  result  of  storms  or  the 
installation  of  structural  controls;  ascertaining 
the  likelihood  of  creating,  by  control,  a  self- 
armoring  channel  bed  in  specific  reaches;  and 
determining  the  stability  of  channel  beds  for  spe- 
cific flow  conditions. 

The  use  of  computational  procedures  for  bed- 
load  evaluations  is  often  the  only  practical 
course  available  to  SCS  planning  geologists; 
long-term  case  studies  are  not  reasonably  within 
the  scope  of  their  activities.  Nor,  in  most  cases, 
are  long-term  or  even  adequate  short-term  rec- 
ords of  bedload  measurements  available  for  proj- 
ect areas  of  the  sizes  usually  dealt  with. 

Although,  in  a  few  cases,  measurements  have 
been  made  of  deposits  in  debris  basins,  on  fans, 
and  in  channels  of  quantities  moved  in  individual 
storms  or  a  season's  assortment  of  storms,  there 
is  no  adequate  substitute  at  present  for  field  de- 
terminations, if  they  can  possibly  be  made. 

For  field  determinations  various  bed-material 
transport  formulas  are  used  as  a  basis  for  deter- 
mining quantities  of  materials  moved  by  stream 
discharges. 

Most  formulas  were  derived  originally  or  were 

1  Geologist,  Engineering  and  Watershed  Planning 
Unit,  Soil  Conservation  Service,  U.S.  Department  of 
Agriculture,  Upper  Darby,  Pa.  19082. 


evaluated  by  the  use  of  flume  studies.  Because 
the  rigid  side  walls,  uniform  alinement,  and 
steady  or  slowly  changing  discharge  character- 
istics of  flume  studies  are  not  reflective  of  na- 
tural conditions,  doubt  is  cast  on  the  limits  of 
accuracy  of  a  given  formula's  predictive  capa- 
bility when  material  sizes  differ  or  are  extended 
much  beyond  those  of  the  test  or  experimental 
conditions.  Doubt  arises,  too,  when  other  param- 
eters, such  as  discharge,  slope,  temperature,  bed 
configuration,  and  material  supply,  also  differ 
appreciably. 

Unfortunately,  most  natural  water  convey- 
ance systems  do  differ  appreciably.  As  a  result, 
the  evaluations  employing  the  transport  formu- 
las are  probably  more  an  indication  of  the  mag- 
nitude of  difference  than  an  accurate  measure 
of  specific  amounts. 

The  bed-material  transport  formulas  most 
frequently  used  by  SCS  in  their  various  program 
applications  include  several  internationally 
familiar  formulas:  the  Schoklitsch  formula,2  the 
Meyer-Peter  formula,2  the  Haywood  formula,3 
the  Meyer-Peter,  Muller  formula,2  the  Einstein 
bedload  function,2  the  Engelund-Hansen  proce- 
dure,2 and  the  Colby  procedure  for  relating  mean 
velocity  to  sand  transport.4 

In  addition,  in  order  to  relate  the  movement 
of  bed  materials  to  field  conditions,  formulas  or 
other  expressions  for  determining  the  levels  of 

2  American  Society  of  Civil  Engineers,  Committee  on 
Sedimentation.  1969.  Sedimentation  manual.  Sediment 
transportation  mechanics — Sediment  discharge  formu- 
las. Progress  report  on  section  H,  chapter  II,  53  pp. 

3  Haywood,  0.  G.,  Jr.  1940.  Flume  experiments  on  the 
transportation  by  water  of  sands  and  lightweight  ma- 
terials. D.  Sc.  thesis,  Massachusetts  Institute  of  Tech- 
nology, Cambridge,  43  pp. 

4  Colby,  B.  R.  1964.  Discharge  of  sands  and  mean 
velocity  relationships  in  sand-bed  streams.  U.S.  Geologi- 
cal Survey  Professional  Paper  465-A,  47  pp. 

5  Lane,  E.  W.  1955.  Design  of  stable  channels.  Trans- 
actions of  the  American  Society  of  Civil  Engineers  120 : 
1234-1279. 
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entrainment  are  employed.  These  are  variously 
referred  to  as  tractive  force,  critical  tractive 
stress,  or  critical  velocity  expressions.3  Since  all 
of  the  above  formulas  or  expressions  are  well 
documented  and  well  known  to  persons  con- 
cerned with  the  field  of  sedimentation,  they  will 
not  be  reproduced  here. 

As  indicated  earlier,  the  use  of  formulas  serves 
as  a  base  upon  which  evaluations  of  bed-material 
movement  are  made.  In  conjunction  with  the  use 
of  formulas,  various  hydraulic  and  hydrologic 
evaluation  procedures  are  needed  to  determine 
total  quantities  of  materials  moved  by  individual 
or  selected  discharge  events. 

SCS  procedures  usually  begin  with  an  evalua- 
tion of  sources  and  availability  of  bed  materials 
and  with  the  collection  of  bed-material  samples. 
Sampling  procedures  may  vary  depending  upon 
the  size  and  nature  of  material  constituting  the 
channel  bed.  Usually,  a  quantity  of  sample  rep- 
resentative of  a  stream  reach  is  collected,  and 
the  size  distribution  determined  on  the  basis  of 
weight.  The  effective  diameter  is  determined  in 
accordance  with  the  requirements  of  the  particu- 
lar bedload  formulas  involved.  The  physical  at- 
tributes of  the  channel  reach  are  obtained  from 
engineering  data.  A  sediment-rating  or  sedi- 
ment-discharge expression  is  developed  that  will 
provide,  for  a  cross  section  or  reach  of  stream 
channel,  an  indication  of  amounts  of  material 
moved  by  various  rates  of  discharge.  One  such 
rating  curve,  for  Mountain  Creek  near  Green- 
ville, S.C.,  is  illustrated  in  figure  1. 

The  next  step  in  the  procedure  requires  an 
estimate  of  storms  that  will  probably  affect  the 
channel  reach  (or  the  reservoir  storage  capacity) 
for  the  entire  period  over  which  a  project  is  be- 
ing evaluated.  In  the  case  of  channel  perform- 
ance stability,  aggradation  and  degradation 
evaluations  would  be  based  on  a  selected  design 
event.  For  evaluating  reservoir  storage  capacity 
it  is  frequently  a  100-yr  period.  The  evaluation 
for  reservoir  sediment-storage  capacity  is  used 
as  an  example.  In  order  to  account  for  a  total 
accumulation  or  movement  of  materials  during 
the  reservoir  life,  the  discharges  that  can  be  ex- 
pected to  occur  during  that  100-yr  period  must 
be  taken  into  consideration.  Data  are  obtained  in 
the  forms  of  hydrographs  representing  a  selected 
storm  series;  for  example,  those  events  having  a 
1,  2,  5,  10,  20,  50,  and  100  pet  chance  of  occur- 
rence. Each  hydrograph  is  divided  into  small 
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Figure  1. — Sediment  rating  curves  for  Mountain  Creek 
near  Greenville,  S.C.,  according  to  several  formulas 
compared  with  measurements.  (Adapted  from 
Vanoni,  V.  A.,  Brooks,  N.  H.,  and  Kennedy,  J.  F. 
1961.  Lecture  notes  on  sediment  transportation  and 
channel  stability.  California  Institute  of  Technology 
Report  No.  KH-R-1,  pp.  7-8. 

time  units  so  that  amounts  of  bed-material  move- 
ment for  each  unit  may  be  conveniently  deter- 
mined. 

Figure  2  illustrates  a  group  of  synthesized,  tri- 
angular hydrographs  of  selected  discharge 
events  for  a  stream  cross  section  for  which  no 
sediment-movement  records  are  available.  The 
triangular  configuration  facilitates  longhand 
computation;  the  usual  curvilinear  shape  is 
easily  adaptable  to  computerized  evaluations. 

The  point  of  initial  material  movement  is  de- 
termined either  by  using  the  tractive-force  for- 
mula or  by  selecting  a  discharge  from  the  sedi- 
ment rating  curve  at  which  essentially  no  move- 
ment occurs.  This  "no  movement"  discharge  is 
subtracted  from  the  hydrograph  in  order  that 
only  that  portion  of  the  hydrograph  for  which 
sediment  movement  occurs  is  included  in  the  ac- 
counting system.  Then,  for  each  of  the  hydro- 
graph  time  units,  the  average  sediment  discharge 
is  computed.  The  sum  of  these  discharges  for  the 
time  units  constitutes  an  estimate  of  the  total 
amount  moved  by  the  particular  event.  This  pro- 
cedure is  repeated  for  each  of  the  selected  events. 
By  constructing,  on  rectilinear  graph  paper,  a 
plot  of  total  bedload  per  event  against  per- 
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Figure  2. — Synthesized  hydrographs  of  selected  dis- 
charge events  for  a  stream  cross  section. 


cent  chance  of  occurrence  of  events,  it  is  simple 
to  obtain  a  planimetered  summation  of  total 
quantities  moved  for  the  complete  range  of 
events  between  1  and  100  pet  chance  of  occur- 
rence. This,  when  divided  by  100,  is  assumed  to 
be  equal  to  an  average  annual  movement  of  ma- 
terial. An  illustration  of  this  is  shown  on  figure 
3.  Figure  3  was  developed  to  include  only  those 
events  occurring  between  a  1  and  a  50  pet  chance. 

On  many  occasions  the  evaluation  of  material 
movement  is  made  for  conditions  in  existence  on 
the  watershed,  as  compared  to  conditions  that 
are  projected  to  follow  the  installation  of  flood 
prevention  projects.  In  this  circumstance,  a  sec- 
ond evaluation  is  performed  for  those  conditions 
that  are  proposed  for  the  project.  The  difference 
between  the  amounts  determined  under  each 
condition  is  considered  to  be  part  of  the  effect 
of  the  project  and  is  associated  with  the  changes 
in  discharge  resulting  from  project  installation. 
In  performing  such  evaluations  several  assump- 
tions must  be  accepted:  First,  that  the  conditions 
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Figure  3. — Procedure  to  estimate  bedload  movement. 
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present  in  the  field  at  the  time  the  samples  are 
obtained  are  representative  of  a  wide  scale  of 
discharges;  second,  that  the  geometry  of  the 
reach  will  remain  essentially  unchanged  over 
the  project  evaluation  period;  third,  that  the 
source  of  bed  material  will  be  neither  depleted 
nor  increased  during  the  life  of  the  channel; 
fourth,  that  the  texture,  gradation,  and  composi- 
tion of  the  bed  material  will  not  materially 


change  during  the  period;  and,  fifth,  that  the 
drainage  characteristics  of  the  contributing  wa- 
tershed will  not  be  significantly  altered.  A  most 
desirable  addition  to  this  kind  of  analysis  would 
be  to  continue  to  analyze  the  same  channels  un- 
der "with  project"  conditions  to  obtain  confirm- 
ation or  corrective  factors,  and  permit  refine- 
ment and  improvement  of  the  elements  of  hydrol- 
ogy and  sedimentation  used  in  the  procedures. 
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SOIL  DETACHMENT  BY  RAINDROPS 


By  Calvin  K.  Mutchler1  and  Robert  A.  Young2 


Raindrop  impact  is  the  primary  source  of  en- 
ergy for  detaching  soil  from  any  land  area  not 
protected  by  cover  of  some  sort.  Raindrop  impact 
also  plays  an  important  part  in  sediment  trans- 


port by  very  thin  waterflow.  The  direct  role  of 
raindrops  in  the  mechanics  of  erosion  is  the  sub- 
ject  of  this  paper. 


RAINDROP  CHARACTERISTICS 


Raindrops  range  from  about  7.0  mm  in  diam- 
eter to  fine  mist  sizes.  Most  rainfalls  are  de- 
scribed by  assuming  a  normal  size  distribution 
based  on  raindrop  volumes.  The  median  drop 
diameter,  D50,  defined  as  the  diameter  where 
equal  amounts  of  volume  are  contained  in  larger 
drops  and  in  smaller  drops,  is  used  to  describe 
rainfall.  Median  drop  size  is  related  to  rainfall 
intensity  as  follows  (l):3 


Z)50=2.237"° 182 


(1) 


D50  ranges  from  1.5  mm  for  an  intensity  of  0.1 
inch/h  to  2.5  mm  for  an  intensity  of  2  inches/h 
and  larger  for  more  intense  storms.  From  the 
definition  of  median  drop  diameter,  it  is  seen 
that  very  few  raindrops  larger  than  Dso  are  pres- 
ent in  rainfall,  while  many  raindrops  are  smaller 
than  the  median  drop  size. 

Raindrops  reach  a  terminal  velocity  that  de- 
pends on  their  diameter.  These  velocities  are, 
for  instance,  3.3  ft/s  for  a  drop  0.25  mm  in  diam- 


eter, 13.1  ft/s  for  a  drop  1  mm  in  diameter,  and 
29.9  ft/s  for  a  drop  5  mm  in  diameter.  Actual 
impact  velocity,  however,  is  often  greater  than 
the  terminal  velocity  because  of  wind  effects 
which  may  impart  an  added  velocity  component. 
Wind  will  also  cause  raindrops  to  strike  the  soil 
surface  at  some  angle  with  the  vertical. 

Using  the  drop  size  distributions  of  rainfall 
determined  by  Laws  and  Parsons  and  terminal 
velocities  for  the  various  drop  sizes  of  rainfall, 
Wischmeier  and  Smith  derived  a  single  equation 
to  describe  storm  energy  for  a  given  intensity 
(8). 


y=916+331  log10  / 


(2) 


Here  Y  is  the  kinetic  energy  in  foot-tons  per 
acre-inch  and  /  is  the  rainfall  intensity  in  inches 
per  hour.  This  equation,  together  with  maximum 
30-min  storm  intensity,  form  the  basis  of  the  EI 
variable  which  is  an  integral  part  of  the  uni- 
versal soil  loss  equation. 


RAINDROP  SPLASH  SHAPE 


Some  interesting  deductions  may  be  made  by 
studying  the  splash  shape  dimensions  and  water 
movement  resulting  from  raindrop  impact.  A 
high-speed  picture  study  of  splash  (2)  showed 
that  splash-shape  geometry  could  be  described 


1  Hydraulic  engineer,  USDA  Sedimentation  Labora- 
tory, Southern  Region,  Agricultural  Research  Service, 
Oxford,  Miss.  38655. 

2  Agricultural  engineer,  North  Central  Soil  Conserva- 
tion Research  Center,  Agricultural  Research  Service, 
U.S.  Department  of  Agriculture,  Morris,  Minn.  56267. 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 


by  the  parameters  shown  outlined  on  the  vertical 
cross  section  of  a  splash  in  figure  1.  The  param- 
eters pictured  are  generally  self-explanatory. 
The  sheet  angle  a  and  the  sheet  radius  r,  which 
describe  the  profile  of  the  cylindrical  shell  of 
flowing  water,  have  not  been  particularly  useful. 
However,  the  angle  /?,  which  describes  the  direc- 
tion that  droplets  travel  away  from  the  splash 
sheet,  has  been  useful  in  computing  energy  dissi- 
pation under  the  impacting  waterdrop;  this  will 
be  discussed  later. 

The  parameter  H  describes  the  splash  sheet 
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Figure  1. — Parameters  for  describing  the  geometry  of 
splash  shape. 

height;  its  maximum,  i/m,  has  been  used  to  de- 
fine a  characteristic  splash  shape  in  order  to 
determine  the  various  effects  of  drop  size  and 
surface  conditions  on  splash  shape.  The  param- 
eter W  describes  the  crater  width  of  the  splash 
shape,  and  its  change  with  time  represents  the 
horizontal  flow  velocity  of  surface  water  away 
from  the  impact  site.  Variation  of  the  parameter 
values  with  time  from  drop  impact  are  illus- 
trated in  figure  2. 

90 


.03 


TIME    AFTER    IMPACT  -  SEC. 

Figure  2. — Splash  parameter  change  with  time  from  im- 
pact. The  characteristic  shape  time  was  selected 
at  the  time  for  maximum  splash  height. 


The  equation  for  the  development  of  crater 
width  under  an  impacting  water  drop  is 


W 


Wm  3.57 


loge 


T+0.03  Tm 
0.03  Tm 


(3) 


Here,  T  is  time  since  waterdrop  impact  and 
Tm  is  time  for  the  splash  shape  to  attain  its  maxi- 
mum height.  The  equation  was  tested  for  0.02< 
T/Tm<2.0  for  the  case  of  a  drop  falling  on  a 
smooth  glass  surface.  Half  the  value  of  the  deriv- 
ative of  equation  3  yields  the  horizontal  velocity 
of  water  moving  away  from  the  impact  site  along 
the  surface. 


Vh=Wm/[1.14(T+0MTm)[ 


(4) 


The  equations  describing  Wm  and  Tm  as  they 
vary  with  surface  water  depth,  d,  and  waterdrop 
diameter,  D,  are  given  in  Mutchler  and  Hansen 
(6).  If  the  assumption  can  be  made  that  shear 
velocity  is  related  to  soil  detachment,  equation  4 
can  be  used  to  assess  the  erosiveness  of  raindrops 
falling  on  soil  covered  by  thin  layers  of  water. 

For  example,  horizontal  velocities  of  water 
under  impact  of  a  waterdrop  0.425  cm  in  diam- 
eter are  given  in  figure  3  for  time  after  impact 
and  varying  surface  water  depth.  The  straight 
lines  showing  critical  velocity  for  detachment  of 
underlying  soil  were  computed  with  the  viscosity 
equation 


dv 


(5) 


where  T=shear  stress,  /x= dynamic  viscosity, 
v= particle  velocity,  and  y= depth  position.  By 
assuming  the  observed  velocity  given  by  equa- 
tion 4  equal  to  dv  and  d/2  equal  to  dy,  a  rough 
approximation  for  surface  shear  is 


Vh 

ld/2' 


1 '=/»TSi  • 


(6) 


An  estimate  of  the  minimum  velocity  required 
to  detach  soil  particles  from  the  surface  was  then 
computed  with  the  critical  shear  force  of  the 
flowing  surface  water.  Values  for  the  range  of 
critical  force  Tc  were  taken  from  Smerdon  (7) ; 
these  values  are  representative  of  cohesive 
agricultural  soils. 

Based  on  the  above  assumption,  figure  3  illus- 
trates two  primary  things  about  raindrop  im- 
pact. First,  the  erosive  action  of  a  raindrop  is 
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Figure  3. — Erosive  surface  flow  velocities  under  an  im- 
pacting waterdrop  0.425  cm  in  diameter. 

effective  very  early  after  impact,  and  thus  in 
the  immediate  vicinity  of  the  center  of  impact. 
And  second,  support  is  given  to  the  hypothesis 
that  a  surface  water  depth  of  about  three  drop 


diameters  essentially  protects  soil  from  raindrop 
impact. 

The  horizontal  velocities  of  flowing  water  un- 
der impacting  raindrops  also  greatly  increase 
the  potential  of  thin  surface  flow  to  transport 
detached  soil  particles  and  aggregates.  This  will 
be  discussed  later  in  this  paper. 

The  parameters  Hm  and  Wm,  which  describe 
the  size  of  the  splash  shape,  vary  according  to 
water  depth  and  waterdrop  diameter.  These 
parameters  are  largest  (the  splash  is  largest) 
for  a  depth  of  about  one-third  drop  diameter. 
Also,  very  little  change  in  the  splash  shape  is 
seen  at  depths  greater  than  three  drop  diam- 
eters. It  can  be  inferred,  then,  that  the  impact 
of  a  raindrop  2  mm  in  diameter  will  have  rela- 
tively little  effect  on  soil  covered  by  water  6  mm 
deep  such  as  commonly  seen  in  rills,  tool  marks, 
and  mulch  cover.  Conversely,  impact  of  this  same 
drop  on  soil  covered  by  water  some  two-thirds 
millimeter  deep  will  have  highly  erosive  effects. 


SPLASH  CHARACTERISTICS 


Fundamental  to  the  study  of  sediment  trans- 
port by  raindrop  splash  is  the  determination  of 
the  source  and  the  amount  of  splash  from  a  rain- 
drop impact  (3).  Both  splash  magnitude  and 
fraction  of  waterdrop  in  the  splash  vary  with 
water  depth  and  drop  diameter  (fig.  4) .  Total 
splash  increases  to  a  maximum  of  more  than 
twice  the  waterdrop  weight  at  a  depth  between 
0.14  and  0.20  drop  diameters  (-4) .  The  influence 
of  greater  depth  becomes  relatively  insignificant 
at  a  depth  of  about  three  drop  diameters.  Here, 
again,  the  evidence  indicates  raindrop  impact  is 
most  erosive  where  a  very  thin  layer  of  water  is 
present  (approximately  one-fifth  drop  diameter 
here)  and  is  relatively  nonerosive  when  the  soil 
is  covered  with  a  water  depth  of  three  drop  diam- 
eters or  greater. 

Significantly,  the  major  portion  of  splash 
originates  from  surface  water.  Thus,  there  is  a 
potential  to  transport  suspended  soil  by  splash 
action  alone.  The  particle  sizes  that  can  be  trans- 
ported by  splash  droplets,  however,  are  limited 
by  the  small  size  of  the  droplets. 

Large  numbers  of  droplets  are  produced  by 
waterdrop  impact,  especially  on  water  depths 
less  than  0.2  drop  diameters;  over  4,000  droplets 
were  produced  by  the  impact  of  one  large  drop; 
5.6  mm  in  diameter,  on  a  water  depth  of  0.1  mm 
overlying  smooth  glass  (5). 


The  median  diameters  of  the  droplet  distribu- 
tions (on  a  volume  basis  similar  to  that  of  rain- 
fall) were  as  large  as  1.8  mm  for  impacting  drops 
5.6  mm  in  diameter  in  water  depths  of  0.5  mm. 
However,  for  a  depth  of  one-fifth  to  one-third 
drop  diameter,  which  has  been  indicated  to  be 
the  most  vulnerable  case  for  soil  detachment  by 
raindrops,  a  raindrop  2.5  mm  in  diameter  should 
produce  droplets  with  a  median  diameter  of 
about  1  mm. 

Energy  dissipation  at  the  waterdrop  impact 
site  was  estimated  by  calculating  the  difference 
between  the  waterdrop  energy  immediately  be- 


FiGURE  4. — Total  splash  SD  and  waterdrop  water  in 
splash  Ws  expressed  as  a  fraction  of  waterdrop 
weight  for  various  water  depths  d  expressed  as  a 
fraction  of  waterdrop  diameter  D. 
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fore  impact  and  the  energy  of  the  splash  droplets 
(3).  At  a  depth  of  0.1  drop  diameter,  approxi- 
mately 90  pet  of  the  waterdrop  energy  remained 
in  the  impact  area;  this  was  a  minimum  dissipa- 
tion percentage.  For  all  depths  greater  than  0.1 
diameter,  dissipation  increased  to  95  pet  for  deep 
water.  The  amount  of  energy  transmitted 
through  the  water  layer  was  not  determined. 
However,  deductions  made  earlier  lead  one  to 


believe  that  much  of  the  impact  energy  would  be 
transmitted  to  soil  surfaces  underlying  layers  of 
water  less  than  three  drop  diameters  deep. 

Raindrops  are  shown  to  have  a  great  potential 
for  detaching  soil  and  a  limited  ability  to  trans- 
port soil  directly.  However,  the  horizontal  veloci- 
ties produced  by  drop  impact  very  probably  are 
the  basis  for  transport  of  detached  soil  particles 
in  thin  layers  of  water  flowing  toward  rills. 


PLOT  STUDIES 


In  a  field  study  in  which  fluorescent  glass  par- 
ticles and  microrelief  measurements  were  used 
to  determine  soil  movement  patterns  on  various- 
ly shaped  slopes,  the  position  of  the  particles 
after  a  simulated  rainstorm  and  the  fact  that  the 
particles  moving  off  the  plot  did  so  primarily  by 
transport  in  rills  indicated  that  raindrop  splash 
is  a  major  contributor  to  soil  detachment  and  to 
transport  of  soil  particles  to  a  rill  system  (9). 

Experiments  with  simulated  rainfall  on  an  in- 
door plot  of  soil  (10)  further  clarify  the  phe- 
nomena of  soil  detachment  and  transport.  These 
experiments  supported  the  conclusion  that  rain- 
drop energy,  rather  than  surface-flow  energy, 
was  the  major  force  initiating  soil  detachment 
on  interrill  areas.  Raindrop  impact  also  contrib- 
uted greatly  to  the  transport  of  detached  parti- 
cles to  a  rill  system.  In  this  study,  when  rainfall 
energy  was  reduced  by  about  89  pet  without  de- 


creasing intensity,  the  reduction  in  amount  of 
soil  moved  to  rills  was  91,  95,  and  90  pet,  re- 
spectively, for  a  loam,  silty  loam,  and  a  sandy 
loam  soil.  Thus,  it  was  concluded  that  detach- 
ment and  transport  of  soil  from  a  nonrilled  area 
is  by  raindrop  impact  action.  However,  soil  car- 
ried by  splash  alone  was  only  10  to  17  pet  of  the 
loss  from  interill  area  to  rills.  The  remainder  of 
the  loss  to  rills  was  carried  in  thin  surface  flow 
which,  without  raindrop  impact,  carried  little,  if 
any,  soil.  Therefore,  it  must  be  concluded  that 
raindrop  impact  was  the  driving  force  to  trans- 
port soil  in  thin  surface  flows  to  rills. 

Over  80  pet  of  the  soil  moving  off  the  15-ft- 
long  plot  was  transported  in  rills.  Although  this 
percentage  would  vary  for  various  rill  intensi- 
ties and  slope  lengths,  it  is  clear  that  most  of  the 
eroded  soil  is  transported  in  a  rill  system. 


SUMMARY  AND  CONCLUSIONS 


In  summary,  the  evidence  indicates  that  rain- 
drop splash  is  the  primary  agent  in  soil  detach- 
ment and  transport  from  interrill  areas.  On  a 
saturated  soil  surface  not  protected  by  some  cov- 
er of  plant  material  or  sufficient  water  depth, 
detachment  results  from  the  dissipation  of  im- 
pact energy.  Soil  is  transported  to  rills  partly  by 
splash  action  alone,  but  the  primary  means  of 
transport  to  rills  is  very  thin  surface  flow  accel- 
erated by  raindrop  impact  splash  velocities. 

Raindrop  impact  effects  are  probably  present 
in  rills  themselves  but  they  have  not  been  studied 
in  this  research.  The  relative  importance  of  rills 
and  interrill  areas  as  sediment  sources  depends, 
of  course,  on  the  number  and  size  of  rills  in,  for 
instance,  a  cultivated  field. 


Runoff  and  sediment  follow  the  same  path 
down  a  slope — from  nonrill  area  to  rill  area  to 
large  watercourse.  This  helps  explain  why  true 
sheet  flow  down  a  slope  is  rare.  Soil  loss  in  a  rill 
system,  then,  is  determined  first  by  the  supply 
of  soil  particles  detached  by  raindrop  impact, 
and  next  by  transport  of  these  particles  in  small 
channels — rill  flow.  At  some  point,  the  channel 
pattern  may  lead  to  very  large  rills  (or  gullies) 
which  may  be  the  main  source  of  sediment  from 
a  watershed.  Where  banks  of  large  watercourses 
or  channel  beds  are  the  prime  sources  of  sedi- 
ment, it  is  doubtful  that  raindrop  splash  has  sig- 
nificant effect,  because  of  the  limited  areas  in- 
volved. 
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ESTIMATING  THE  SOIL  LOSS  EQUATION'S  COVER  AND 
MANAGEMENT  FACTOR  FOR  UNDISTURBED  AREAS 

By  W.  H.  Wischmeier2 


A  numerical  evaluation  of  the  effectiveness  of 
various  types  and  qualities  of  cover  and  manage- 
ment as  protection  against  the  erosive  forces  of 
rainfall  and  runoff  is  a  very  important  factor  in 
sediment  prediction.  This  factor  has  been  evalu- 
ated for  cropland  from  more  than  10,000  plot- 
years  of  soil-loss  data  assembled  from  plot 
studies  over  the  past  40  yr.3  However,  data  are 
not  now  available  for  its  direct  evaluation  for 
various  wooded,  range,  and  idle  lands — areas 
that  also  contribute  to  watershed  sediment  loads. 
Use  of  either  the  Musgrave  equation  or  universal 

INTERPRETATION  OF  COVER 

The  effects  of  cover  and  management  on  soil 
detachment  and  transport  by  rainfall  and  runoff 
are  numerous  and  varied.  The  erosion  equation's 
empirically  determined  factor  C  combines  all  of 
these  effects  in  one  numerical  evaluation.  Exten- 
sion of  this  factor  to  untested  situations  by  ob- 
jective analogy  is  facilitated  by  separating  its 
total  influence  into  three  distinct  types  of  effects 
and  evaluating  each  type  as  a  subf actor:  type  I 
— effects  of  canopy  cover;  type  II — effects  of 
mulch  or  close-growing  vegetation  in  direct  con- 
tact with  the  soil  surface;  and  type  III — tillage 
and  residual  effects  of  the  land  use. 

Type  I.  Canopy  Cover. — Leaves  and  branches 
that  do  not  directly  contact  the  soil  are  effective 
only  as  canopy  cover.  Canopies  have  little  influ- 

1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Purdue 
Agricultural  Experiment  Station.  Purdue  Journal  Paper 
No.  4916. 

-  Research  statistician,  Agricultural  Research  Service, 
U.S.  Department  of  Agriculture,  and  professor  of  agri- 
cultural engineering,  Purdue  University,  West  Lafay- 
ette, Ind. 47907. 

3  Wischmeier,  W.  H.,  and  Smith,  D.  D.  1965.  Predict- 
ing rainfall-erosion  losses  from  cropland  east  of  the 
Rocky  Mountains.  U.S.  Department  of  Agriculture,  Agri- 
culture Handbook  No.  282,  47  pp. 


soil  loss  equation  to  estimate  the  sediment  contri- 
bution from  such  sources  has  required  reliance 
on  highly  generalized  judgment  values  for  the 
cover  and  management  factor. 

This  report  presents  a  methodical  routine  and 
the  necessary  graphs  for  approximating  the  uni- 
versal soil  loss  equation  cover  and  management 
factor  C  for  situations  that  are  not  represented 
in  previous  research  data.  The  technique  is  based 
upon  a  refined  interpretation  of  the  empirically 
derived  factor  C. 

AND  MANAGEMENT  FACTOR 

ence  on  the  amount  and  velocity  of  runoff  from 
prolonged  rains,  but  they  do  intercept  falling 
raindrops.  Waterdrops  falling  from  the  canopy 
may  regain  appreciable  velocity,  but  usually  less 
than  free-falling  raindrops.  Therefore,  the  can- 
opy reduces  rainfall  erosivity  by  reducing  its  im- 
pact energy  at  the  soil  surface.  The  amount  of 
reduction  depends  on  the  height  and  density  of 
the  canopy.  This  effect  can  be  viewed  as  a  reduc- 
tion in  the  effective  EI  of  rainstorms,  and  can  be 
directly  computed  for  specific  situations. 

The  literature  provides  data  on  the  velocities 
attained  by  waterdrops  of  various  sizes  falling 
from  various  heights.4  Generally,  the  median 
drop  diameter  increases  as  rain  intensity  in- 
creases. For  intensities  of  from  0.5  to  2.0  inches  ' 
h,  the  median  drop  size  ranges  from  about  2.0  to 
2.5  mm.5  A  2.5-mm  drop  was  assumed  to  be  rep- 
resentative of  erosion-producing  rains  and  was 
used  for  analysis  of  the  influence  of  changes  in 
fall  height  on  the  effective  EI.  A  2.5-mm  drop 

<  Wischmeier,  W.  H.,  and  Smith,  D.  D.  1958.  Rainfall 
energy  and  its  relationship  to  soil  loss.  Transactions  of 
the  American  Geophysical  Union  39:  285-291. 

5  Laws,  J.  O.,  and  Parsons,  D.  A.  1943.  The  relation  of 
rain  drop  size  to  intensity.  Transactions  of  the  American 
Geophysical  Union  24:  452-459. 
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starting  from  zero  velocity  will  reach  a  velocity 
of  3  m/s  in  a  fall  of  0.5  m,  4  m/s  in  a  fall  of  1  m, 
5.2  m/s  in  a  fall  of  2  m,  and  7.4  m/s  in  a  fall  of  20 
m  or  more  (table  1) . 

The  kinetic  energy  of  a  given  mass  is  directly 
proportional  to  the  square  of  its  velocity.  For  ex- 
ample, a  2.5-mm  drop  falling  from  a  height  of 
2  m  would  have  only  half  the  kinetic  energy  of 
a  free-falling  raindrop  of  equal  size  (5.22/7.42). 
Since  the  interception  by  canopy  does  not  appre- 
ciably affect  the  /  component  of  the  EI  param- 
eter, the  reduction  in  effective  EI  is  directly  pro- 
portional to  the  reduction  in  impact  energy. 

For  partial  canopies,  "percent  cover"  was  de- 
fined as  the  percentage  of  the  total  surface  area 
that  could  not  be  hit  by  vertically  falling  rain- 
drops because  of  the  canopy.  Thus  the  effective 
EI  for  a  given  area  is  linearly  proportional  to 
the  percentage  of  the  ground  that  is  not  covered 
by  the  canopy. 

Figure  1  was  developed  from  terminal-velocity 
data  used  with  the  relationships  cited  above.  If 
possible  increase  in  drop  size  because  of  canopy 
interception  is  ignored,  or  is  assumed  to  be  offset 
by  the  fact  that  some  of  the  intercepted  water 
moves  down  the  stems  to  the  ground,  the  canopy 
factors  for  various  percentages  of  cover  at 
heights  of  0.5,  1,  2,  and  4  m  may  be  obtained 
directly  from  this  graph.  For  a  60-pct  canopy 
cover  at  a  height  of  1  m,  for  example,  the  canopy 
factor  is  0.58.  This  means  that  the  effective  EI 
with  the  canopy  is  only  58  pet  of  the  actual  EI  of 
the  rainfall,  and  the  expected  erosion  would  also 
be  only  58  pet  of  that  predicted  by  the  EI  ob- 
tained from  the  isoerodent  map. 

Figure  1  is  based  on  a  median  drop  size  of  2.5 
mm  for  both  the  rain  and  droplets  formed  on  the 
canopy.  In  localities  where  rainfall  is  character- 
istically of  low  intensity,  canopy  effect  would  be 
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Figure  1. — Influence  of  vegetal  canopy  on  effective  EI, 
assuming  bare  soil  beneath  the  canopy,  and  based  on 
the  velocities  of  free-falling  waterdrops  2.5  mm  in 
diameter. 

less  and  the  subfactor  would  be  higher  than 
shown  by  figure  1.  If  the  3.35-mm  droplets  meas- 
ured by  Chapman6  on  a  red  pine  plantation  are 
characteristic  for  pine  tree  canopies,  figure  1 
should  be  modified  for  that  situation,  also.  For 
either  of  the  two  conditions,  subfactor  values  for 
complete  canopy  cover  can  be  computed  from 
the  data  in  table  1. 

Type  II.  Mulch  and  Close-Groiving  Vegetation. 
— A  mulch  on  the  soil  surface  is  much  more  ef- 
fective than  an  equivalent  percentage  of  canopy 
cover.  There  are  two  reasons  for  this.  Since  the 

s  Chapman,  Gordon.  1948.  Size  of  raindrops  and  their 
striking  force  at  the  soil  surface  in  a  red  pine  plantation. 
Transactions  of  the  American  Geophysical  Union  29: 
664-670. 


Table  1.— Velocities,  in  meters  per  second,  of  falling  waterdrops  of  different 
sizes  after  various  heights  of  fall  in  still  air1 


Rain 


Median 


Drop  fall  height  (meters) 


intensity  drop  diam. 
(inches/h)  (mm) 

0.5 

1.0 

2.0 

3.0 

4.0 

6.0 

220.0 

0.5  2.00 

2.89 

3.83 

4.92 

5.55 

5.91 

6.30 

6.58 

1.0  2.25 

2.93 

3.91 

5.07 

5.74 

6.14 

6.63 

7.02 

2.0  2.50 

2.96 

3.98 

5.19 

5.89 

6.34 

6.92 

7.41 

4.0  3.00 

3.00 

4.09 

5.37 

6.14 

6.68 

7.37 

8.06 

>  From  Laws,  J.  O.  1941.  Measurements  of  the  fall-velocity  of  water-drops  and  rain- 
drops. Transactions  of  the  American  Geophysical  Union  22:  709-721. 
2  Values  in  the  last  column  are  considered  terminal  velocities. 
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intercepted  raindrops  have  no  remaining  fall 
height  to  the  ground,  their  impact  on  the  soil  sur- 
face is  essentially  eliminated.  Probably  more  im- 
portant, a  mulch  that  makes  a  good  contact  with 
the  ground  also  reduces  the  velocity  of  runoff. 
This,  in  turn,  greatly  reduces  the  runoff's  poten- 
tial to  detach  and  transport  soil  material. 

Substantial  rainulator  (rainfall  simulator) 
data  are  now  available  on  the  erosion-reducing 
effectiveness  of  various  amounts  and  types  of 
mulch  on  cropland  and  construction  sites.  Ex- 
trapolation of  these  data  to  other  mulches  and 
close  covers,  such  as  those  associated  with  range 
or  woodland,  is  facilitated  by  expressing  them  on 
the  basis  of  "percent  surface  cover"  rather  than 
tons  of  mulch  per  acre  (fig.  2) . 

If  the  cover  includes  both  canopy  and  surface 
mulch,  the  canopy  and  mulch  factors  overlap  and 
cannot  both  be  fully  credited;  the  impact  energy 
of  a  raindrop  that  strikes  the  mulch  is  dissipated 
at  that  point  regardless  of  whether  canopy  inter- 
ception has  reduced  its  fall  velocity.  The  mulch 
factor  is  taken  at  full  value,  and  the  canopy  fac- 
tor is  reduced  to  apply  only  to  the  percentage  of 
the  surface  not  covered  by  mulch. 

For  illustration,  assume  a  30-pct  mulch  cover 
combined  with  a  60-pct  canopy  at  a  height  of  1 
m.  From  figure  2,  the  factor  for  mulch  cover  ef- 
fect is  0.47.  Because  of  the  30-pct  mulch  cover, 
the  effective  canopy  cover  is  only  0.70  of  the 
overall  60-pct  cover,  or  42  pet.  Entering  figure  1 
with  a  42-pct  canopy  cover,  we  obtain  a  factor  of 
0.70  for  canopy  effect.  The  factor  for  this  com- 
bination of  canopy  and  mulch  cover  is  the  prod- 
uct of  the  two  subf  actors  0.47  and  0.70,  or  0.33. 

Type  III.  Residual  Effects  of  Land  Use. — This 
category  includes  residual  effects  of  the  land  use 
on  soil  structure,  organic-matter  content  and  soil 
density;  effects  of  tillage  or  lack  of  tillage  on 
surface  roughness  and  porosity;  roots  and  sub- 
surface stems;  biological  effects;  and  probably 
other  factors. 

That  the  type  III  effect  is  often  substantial  is 
readily  apparent  from  the  soil-loss-ratio  table  in 
Agriculture  Handbook  282.  This  is  the  table  used 
to  derive  locational  C-values  for  cropping  sys- 
tems. For  plow-disk-plant  systems,  canopy  cover 
and  surface  residue  are  negligible  during  the 
seeding  period  (crop  stage  1)  and  the  stubble 
period  (crop  stage  4R)  for  corn.  Yet  the  soil-loss 
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PERCENT  OF  SOIL  SURFACE  COVERED  BY  MULCH 

Figure  2. — Effect  of  plant  residues  or  close-growing 


stems  at  the  soil  surface  on  C-f actor  (does  not  in- 
clude subsurface  root  effects) . 

ratios  for  these  crop  stages  range  from  0.25  to 
0.80.  The  amounts  by  which  they  are  below  1.0 
must  represent  primarily  type  III  effects. 

Values  given  in  the  handbook  table  for  crop 
stage  1  are  not  quite  the  same  as  the  correspond- 
ing values  for  stage  4R.  Soil  loss  in  period  4R  is 
lowered  slightly  by  a  small  amount  of  type  II 
effect  from  the  stubble  and  scattered  residue  re- 
maining on  the  surface  after  silage  harvest. 
When  corn  is  grown  in  a  sod-based  rotation,  the 
residual  effect  of  the  sod  diminishes  progressive- 
ly through  the  first  2  yr  after  it  is  turned.  This 
decline  in  residual  effect  more  than  compensates 
for  the  stubble  effect  and  results  in  stage  4R 
values  that  are  larger  than  the  corresponding 
stage  1  values  (see  lines  1-7) .  It  seems  logical  to 
assume  that  the  average  of  the  two  values  would 
reflect  the  type  III  effect  during  crop  stage  3. 
The  difference  between  this  average  value  and 
the  crop  stage  3  value  represents  the  effects  of 
canopy  and  of  increased  transpiration  by  the 
plants.  For  example,  line  1  of  the  handbook  table 
gives  values  of  0.25,  0.17,  0.10,  and  0.35  for  crop 
stages  1, 2, 3,  and  4R,  respectively.  The  subfactor 
for  type  III  effect  during  crop  stage  3  is  (0.25 
+0.35)/2=0.30,  and  the  indicated  canopy  fac- 
tor is  0.10/0.30=0.33. 
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ANALOGY  APPLIED  TO  CROPLAND 


When  the  above  procedure  is  used  to  obtain  the 
subf actor  for  type  III  effect  for  the  situation  rep- 
resented by  a  given  line  in  the  handbook  table, 
and  this  is  combined  with  the  subfactors  for  type 
I  and  type  II  effects  obtained  from  figures  1  and 
2,  the  product  of  the  three  subfactors  should 
very  closely  approximate  the  C-value  shown  in 
that  line  for  crop  stage  3.  This  was  checked  for 
corn  and  wheat. 

Corn. — For  corn  in  40-inch  row  spacing, 
yielding  more  than  75  bu/acre,  a  95-pct  canopy 
cover  during  crop  stage  3  was  assumed.  For 
yields  of  65,  50,  and  30  bu,  assumed  canopies 
were  reduced  to  87,  80,  and  60  pet,  respectively. 
Fall  height  of  drops  from  blades  of  corn  was 
assumed  to  average  1  m.  From  figure  1,  the 
subfactors  for  type  I  effect  of  the  various  stands 
were  0.34,  0.39,  0.44,  and  0.58,  respectively.  For 
conventional  planting,  mulch  cover  nears  zero, 
and  figure  2  gives  a  subfactor  of  1.0.  When  these 
subfactors  were  combined  with  the  type  III  sub- 
factors  obtained  above,  a  close  correspondence  of 
computed  and  preestablished  C-values  was  ob- 
tained for  crop  stage  3,  as  shown  in  the  table 
below. 

All  the  lines  in  the  table  assume  absence  of 
plant  residues  on  the  surface  and  removal  of  the 
stover  for  silage.  It  should  be  possible  to  ex- 
tend the  analogy  to  high-yielding  continuous 
com  where,  for  example,  only  the  grain  is  harv- 
ested and  the  corn  is  planted  in  residues  covering 
75  pet  of  the  surface.  From  figure  2,  the  type  II 
factor  would  be  0.15.  The  adjusted  canopy  factor 
(fig.  1)  would  be  0.84,  and  the  type  III  effect 
should  be  about  equivalent  to  that  for  table  line 
36,  which  is  0.46.  These  three  values  suggest  a  pe- 
riod 3  soil-loss  ratio  of  0.06.  Since  the  type  II 


effect  throughout  the  year  largely  replaces  the 
varying  type  I  effect,  the  soil-loss  ratios  for 
stages  1, 2,  and  4L  would  also  be  in  the  neighbor- 
hood of  0.07.  If  corn  were  planted  in  a  90-pct 
cover  of  anchored  small-grain  residue,  the  type 
II  factor  (fig.  2)  would  be  0.07,  and  the  canopy 
factor  would  lose  its  significance.  Combined  with 
the  type  III  factor  of  0.46,  this  would  predict  an 
annual  C-value  of  0.03.  Based  on  recent  mini- 
mum-tillage data,  these  estimates  of  C  appear 
quite  realistic  for  the  assumed  conditions. 

Wheat. — For  good-quality  wheat  an  estimate 
of  95-pct  canopy  cover  in  crop  stage  3  seems  real- 
istic. If  fall  height  for  the  average  drop  is  0.5  m, 
figure  1  gives  a  factor  of  0.20  for  95-pct  canopy 
cover.  Wheat,  however,  has  numerous  blades  and 
stems  per  unit  of  area.  Probably  about  half  of  the 
water  intercepted  by  the  canopy  moves  down  the 
blades  and  stems  to  a  point  so  near  the  ground 
that  it  regains  no  appreciable  kinetic  energy. 
This  reduces  the  impact  energy  at  the  surface  by 
about  another  50  pet,  leaving  a  canopy  factor  of 
0.20/2,  or  0.10.  If  the  rows  are  with  the  land 
slope,  the  factor  for  mulch  effect  is  still  1.0.  Thus, 
the  C-factor  in  crop  stage  3  should  be  about  10 
pet  of  that  for  crop  stage  1.  In  lines  89,  90,  105, 
106,  and  107  of  the  handbook  table,  stage  3  values 
are  very  close  to  10  pet  of  the  corresponding 
values  for  stage  1,  as  predicted.  Lines  99  and 
101-104  give  a  range  of  values  for  crop  stage  3. 
Applying  the  canopy  factor  of  0.10  to  stage  1 
values  in  these  lines  also  gives  stage  3  values  that 
are  within  the  ranges  shown  by  the  table.  The 
larger  values  in  the  range  would  be  predicted  by 
assuming  wheat  or  oats  of  poorer  quality,  and 
hence  with  less  canopy  effect. 


HB  table 
line  No. 

Corn 
yield 
(bu) 

Assumed 
canopy 
(%) 

Subfactors 

C-value 

I 

II 

III 

Computed 

HB  table 

1 

75 

95 

0.34 

1.0 

0.30 

0.10 

0.10 

2 

75 

95 

.34 

1.0 

.34 

.12 

.12 

33 

75 

95 

.34 

1.0 

.61 

.21 

.22 

47 

75 

95 

.34 

1.0 

.70 

.24 

.27 

3 

60-74 

87 

.39 

1.0 

.36 

.14 

.14 

4 

60-74 

87 

.39 

1.0 

.38 

.15 

.15 

34 

60-74 

87 

.39 

1.0 

.65 

.25 

.25 

48 

60-74 

87 

.39 

1.0 

.75 

.29 

.30 

5 

40-59 

80 

.44 

1.0 

.41 

.18 

.19 

35 

40-59 

8( 

.44 

1.0 

.71 

.31 

.30 

49 

40-59 

80 

.44 

1.0 

.78 

.34 

.35 

7 

20-35 

60 

.58 

1.0 

.52 

.30 

.30 
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APPLICATION  TO  UNDISTURBED  AREAS 


Extension  of  the  analogy  to  pasture,  range, 
woodland,  and  idle  land  requires  a  source  from 
which  to  obtain  subfactor  values  for  type  III 
effect.  Figure  3  was  derived  to  serve  this  pur- 
pose until  the  subfactor  can  be  evaluated  direct- 
ly. 

The  initial  point  (0.45)  for  the  curves  in  fig- 
ure 3  is  an  estimate  of  the  long-term  effect  of  no 
tillage  and  no  vegetation.  It  was  obtained  from 
10-yr  soil-loss  records  on  a  12-pct  slope  of  silt 
loam  soil  that  was  not  tilled  after  the  first  year 
but  was  kept  free  of  vegetation  and  traffic.  The 
rate  of  soil  loss  per  unit  of  EI  declined  annually 
until  it  leveled  off  at  about  45  pet  of  the  rate  for 
the  first  2  yr  of  the  study.  The  curvature  and 
endpoints  of  the  curves  were  based  on  compari- 
sons of  soil  losses  from  meadow  with  those  from 
plots  having  equivalent  percentages  of  surface 
cover  in  the  form  of  applied  straw  mulch.  Al- 
though figure  3  is  based  on  less  firm  data  than 
desirable,  its  basic  concepts  are  valid  and  its  use 
in  cover-factor  computations  has  produced 
values  that  Soil  Conservation  Service  and  Forest 
Service  personnel  have  found  consistent  with 
their  observations. 

Factor  C  for  Pasture,  Range,  and  Idle  Land. — 
Figures  1, 2,  and  3  were  used  with  the  previously 
described  analogy  technique  to  derive  the  C-fac- 
tors  given  in  table  2.  The  table  provides  suffi- 
cient detail  for  classifying  canopy  and  surface- 
residue  percentages  on  the  basis  of  any  desired 
grouping.  The  values  in  the  table  are  suggested 
C-values  for  the  universal  soil  loss  equation,  to 
be  used  with  the  published  isoerodent  map  (foot- 
note 3) ,  soil-erodibility  nomograph,7  and  slope- 
effect  chart  (footnote  3) . 

Derivation  of  a  few  of  the  values  in  table  2  will 
be  described  to  provide  a  better  understanding  of 
their  composition,  meaning,  and  probable  de- 
pendability. 

1.  The  factor  "0.10"  in  line  1,  column  6:  From 
figure  2,  the  factor  for  40-pct  mulch  cover  is 
0.39.  From  figure  3,  the  factor  for  type  III  effect 
is  0.25.  With  no  canopy,  the  factor  for  type  I 
effect  is  1.0.  The  product  of  the  three  subfactors 
is  0.10.  In  line  2,  the  close  cover  is  weeds  and  un- 


7  Wischmeier,  W.  H.,  Johnson,  C.  B.,  and  Cross,  B.  V. 
1971.  A  soil  erodibility  nomograph  for  farmland  and  con- 
struction sites.  Journal  of  Soil  and  Water  Conservation 
26:  189-193. 
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decayed  plant  residue.  The  type  III  effect  of 
weeds  is  less  than  that  of  grass,  so  we  use  the 
upper  curve  of  figure  3.  The  0.39  from  this  curve 
times  the  0.39  from  figure  1  gives  the  C-factor 
of  0.15  shown  in  the  table. 

2.  The  factor  "0.09"  in  line  3,  column  6:  The 
type  II  and  type  III  effects  are  the  same  as  for 
lines  1  and  2,  and  the  subfactors  are  0.39  and 
0.25,  respectively.  Since  the  25-pct  canopy  cover 
in  line  3  applies  only  to  the  portion  of  the  surface 
not  protected  by  the  40-pct  type  II  cover,  figure 
1  is  entered  with  the  effective  canopy  cover  of 
15  pet  (0.6  of  25  pet).  The  adjusted  subfactor 
for  canopy  effect  is  0.87.  The  total  factor  C  is 
0.39X0.87X0.25=0.085,  which  was  rounded  to 
0.09  in  the  table. 

Caution  for  Using  Table  2.  The  percentages 
of  cover  shown  in  the  headings  of  columns  4  to  9 
include  only  cover  by  mulch  or  vegetation  at  the 
soil  surface.  Standing  trees,  corn  plants,  or 
stalky  weeds  that  contact  the  ground  only  at 
their  bases  are  not  included  in  the  percentages  of 
type  II  cover  because  the  sum  of  the  cross-sec- 
tional areas  of  these  standing  stems  is  insignifi- 
cant relative  to  the  total  land  area.  For  dense 
stands  of  close-growing  plants  such  as  grass,  the 
portions  at  the  soil  surface  become  significant 
and  are  included  in  the  entry  value  for  figure  2. 
The  percentages  in  column  2  must  be  carefully 
distinguished  from  those  in  the  headings  of  col- 
umns 4  to  9. 

The  C-values  in  tables  2  and  3  are  for  sheet 
and  rill  erosion.  If  gullying  is  significant,  sedi- 
ment from  the  gullies  must  be  computed  sepa- 
rately. 
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Figure  3. — Type  III  effects  of  undisturbed  land  areas 
on  C-factor.  These  values  do  not  apply  to  cropland 
and  construction  sites. 


Table  2. — C-values  for  permanent  pasture,  rangeland,  and  idle  land1 
Canopy  Ground  cover 


Type  and  Pet  Type*  Pet  cover 


height2 

cover3 

0 

20 

40 

60 

80 

95-100 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

'  G 

0.45 

0.20 

0.10 

0.042 

0.012 

0.003 

None  

... 

W 

.45 

.24 

.15 

.091 

.043 

.011 

J 

'  G 

.36 

.17 

.09 

.038 

.013 

.003 

25 

.w 

.36 

.20 

.13 

.083 

.041 

.011 

Weeds  or 

J 

'G 

.26 

.13 

.07 

.035 

.012 

.003 

short  brush 

-< 

50 

W 

.26 

.16 

.11 

.076 

.039 

.011 

(0.5  m). 

'  G 

J 

.17 

.10 

.06 

.032 

.011 

.003 

75 

.  w 

.17 

.12 

.09 

.068 

.038 

.011 

f  G 

.40 

.18 

.09 

.040 

.013 

.003 

r 

25 

[_  W 

.40 

.22 

.14 

.087 

.042 

.011 

Brush  or 

J 

rG 

.34 

.16 

.08 

.038 

.012 

.003 

bushes 

- 

50 

I  W 

.34 

.19 

.13 

.082 

.041 

.011 

(2m). 

fG 

.28 

.14 

.08 

.036 

.012 

.003 

75 

[  W 

.28 

.17 

.12 

.078 

.040 

.011 

f  G 

.42 

.19 

.10 

.041 

.013 

.003 

25 

w 

.42 

.23 

.14 

.089 

.042 

.011 

Trees,  no 

.39 

.18 

.09 

.040 

.013 

.003 

low  brush 

< 

50 

W 

.39 

.21 

.14 

.087 

.042 

.011 

(4m). 

fG 

.36 

.17 

.09 

.039 

.013 

.003 

.  75 

Lw 

.36 

.20 

.13 

.084 

.041 

.011 

1  All  values  assume  (1)  random  distribution  of  mulch  or  vegetation,  and  (2)  mulch  of  substantial  depth  where 
credited. 

2  Classified  by  average  fall  height  of  waterdrops  from  canopy  to  soil  surface,  in  meters. 

3  Percentage  of  total-area  surface  that  would  be  hidden  from  view  by  canopy  in  a  vertical  projection. 

4  G — Cover  at  surface  is  grass  or  decaying,  compacted  duff  of  substantial  depth.  W — Cover  at  surface  is  weeds 
(plants  with  little  lateral-root  network  near  the  surface)  or  undecayed  residue. 


Factor  C  for  Woodland. — Permanent  wood- 
land differs  in  several  respects  from  the  situa- 
tions covered  by  table  2.  An  accumulation  of 
compacted  decaying  duff  several  inches  thick  is 
more  effective  than  a  mulch  of  fresh  straw.  The 
limited  existing  data  support  a  C-value  as  low  as 
0.001  for  woodland  with  a  100-pct  cover  of  such 
duff.  For  incomplete  duff  covers,  C  is  obtained 
by  taking  a  weighted  average  of  the  values  for 
the  duff-covered  portion  and  the  other  portion. 

For  the  portion  that  does  not  have  a  litter  cov- 
er of  appreciable  depth,  additional  factors  must 
be  considered.  If  randomly  distributed  litter-cov- 
ered areas  comprise  at  least  half  of  the  total  area, 
an  effect  similar  to  that  of  contour  strip  crop- 
ping should  be  at  least  equivalent  to  the  strip 
crop  factor  of  0.5  that  is  applied  on  cropland 
where  meadow  and  a  row  crop  are  alternated  in 


contoured  strips.  This  is  because  much  of  the  soil 
detached  from  the  no-mulch  spots  is  filtered  out 
as  the  runoff  crosses  the  heavy-duff  areas.  Also, 
soil  organic-matter  levels  are  usually  much  high- 
er on  permanent  woodland  than  on  comparable 
cultivated  soil.  The  increased  soil  organic  matter 
coupled  with  the  root  growth  should  justify  use 
of  the  lower  curve  of  figure  3  for  type  III  effect 
even  though  the  undergrowth  is  not  sod-forming 
grass. 

Table  3  presents  C-values  for  specified  wood- 
land conditions,  computed  by  combining  these 
factors  as  illustrated  below. 

The  lowest  C-f  actor  listed  in  the  line  of  table  3 
that  represents  medium  stand  with  managed  un- 
dergrowth is  calculated  on  the  basis  that  90  pet 
of  the  area  has  a  litter  cover.  The  areas  without 
litter  cover  are  assumed  to  be  under  the  major 
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Table  3. — C-f  actors  for  woodland 


Forest 

Stand  Tree  canopy  litter 

condition  (pet  of  area)  i  (pctofarea): 

Well  stocked    100-75  100-90 

Medium  stocked    75-40  90-75 

Poorly  stocked    40-20  70-40 


Undergrowth3 


C-Factor 


Managed4    0.001 

Unmanaged  003-0.011 

Managed  002-  .004 

Unmanaged    .01-  .04 

Managed  003-  .009 

Unmanaged    5.02-  .09 


1  Area  with  tree  canopy  over  less  than  20  pet  will  be  considered  grassland  or  cropland  for  estimating  soil  loss  (ta- 
ble 2). 

-  Forest  litter  is  assumed  to  be  of  substantial  depth  over  the  percent  of  the  area  on  which  it  is  credited. 

3  Undergrowth  is  defined  as  shrubs,  weeds,  grasses,  vines,  etc.  on  the  surface  area  not  protected  by  forest  litter. 
Usually  found  under  canopy  openings. 

4  Managed — Grazing  and  fires  are  controlled.  Unmanaged — Stands  that  are  overgrazed  or  subjected  to  repeated 
burning. 

5  For  unmanaged  woodland  with  litter  cover  of  less  than  75  pet,  C-values  should  be  derived  by  taking  0.7  of  the 
appropriate  values  in  table  2.  The  factor  of  0.7  adjusts  for  the  much  higher  soil  organic  matter  on  permanent  wood- 
land. 


open  spots  in  the  tree  canopy.  If,  for  these  spots, 
we  assume  a  95-pct  cover  of  undergrowth  with  a 
drop  fall  height  of  0.5  m,  we  have  from  figure  1  a 
canopy  factor  of  0.20,  and  from  figure  3  a  factor 
of  0.10.  From  the  preceding  paragraph  we  have 
a  strip  crop  factor  of  0.5.  The  C  for  the  10  pet  of 
the  total  area  that  is  in  this  category  is  then  0.2 
X  0.1X0.5=0.01.  For  the  90  pet  of  the  area  that 
has  a  heavy  duff  cover,  the  factor  is  0.001,  as 
indicated  above.  The  weighted-average  C  for  the 
entire  area  is  then  (0.10x0.01)  +  (0.90x0.001) 
=0.002.  This  is  the  minimum  C  for  the  range  of 
conditions  represented  by  this  line  in  the  table. 
For  the  other  end  of  the  range,  the  assumptions 
are  no  litter  cover  on  25  pet  of  the  area,  and  an 
85-pct  canopy  of  managed  undergrowth.  For  this 


condition,  C  is  0.29x0.1x0.5=0.0145,  and  the 
weighted  average  would  be  (0.25X0.0145)  + 
(0.75  X  0.001)  =0.004.  For  the  unmanaged  wood- 
land, both  the  undergrowth  cover  and  the  duff 
cover  would  be  less,  and  computed  C-values 
would  be  higher. 

For  the  poorly  stocked  and  unmanaged  wood- 
lands, more  specific  values  within  the  0.02  to  0.09 
range  shown  by  table  3  can  be  obtained  from 
table  2.  For  example,  a  25-pct  tree  canopy  and 
40-pct  litter  cover  would  be  described  by  line  9, 
column  6,  of  table  2.  This  suggests  a  C  of  0.09.  If 
the  situation  were  permanent  woodland,  the  fac- 
tor 0.7  described  in  footnote  5  of  table  3  would 
reduce  this  C-value  to  0.063. 


CONCLUSION 


Tables  of  cover-factor  values  for  various  quali- 
ties of  range,  meadow,  and  woodland  were  de- 
rived by  an  objective  analogy  method.  The  anal- 
ogy was  facilitated  by  subdividing  the  soil  loss 
equation  C-factor  into  raised-canopy,  surface- 
contact,  and  beneath-surface  effects,  and  deriv- 


ing relationships  for  evaluating  each  effect  as  a 
subfactor.  The  C-value  tables  are  not  presented 
as  firm  research  data  but  as  the  best  estimates 
now  available  for  use  in  computing  the  contribu- 
tions of  undisturbed  lands  to  watershed  sediment 
yield. 


124 


SEDIMENT-YIELD  CHARACTERISTICS 
FROM  UNIT  SOURCE  WATERSHEDS 


By  Edd  D.  Rhoades,  Norman  H.  Welch,  and  Gerald  A.  Coleman2 


For  nearly  40  years,  Federal,  State,  and  local 
governments  and  individuals  have  been  working 
cooperatively  to  reduce  soil  erosion  on  agricul- 
tural and  other  lands.  The  program  has  been 
successful  in  protecting  millions  of  acres  from 
accelerated  erosion.  However,  much  remains  to 
be  done,  since  sediment  is  still  the  largest  single 
pollutant  of  our  streams  and  lakes.  The  term 
"sediment"  in  this  paper  is  restricted  to  the 
material  moved  by  natural  and  man-accelerated 
processes  of  erosion  of  soils  and  geologic  mate- 
rials. 

Presently,  watershed  sediment  models  are 
needed  to  develop  sediment-routing  procedures, 
improve  sediment-yield  prediction  for  reservoir 
design,  and  assess  the  impact  of  watershed  cul- 
tural practices  and  other  changes,  including  ur- 
banization. The  development  of  such  models 
depends  upon  an  adequate  quantity  of  sediment- 

WATERSHED 

Research  began  in  1966  on  the  rainfall-runoff- 
sediment  yield  relationship  from  several  unit 
source  watersheds  at  the  Southern  Great  Plains 
Watershed  Research  Center  near  Chickasha, 
Okla.  These  watersheds  include  rangeland,  gul- 
lied areas,  irrigated  and  dryland  row  crops,  and 
small  grain  and  hay  crops. 

Rangeland 

The  four  rangeland  watersheds,  ranging  from 
18  to  27  acres,  are  all  within  1  mi2.  Two  of  these 


1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Okla- 
homa Agricultural  Experiment  Station,  Stillwater,  Okla. 

2  Research  agricultural  engineer,  research  soil  scien- 
tist, and  hydraulic  engineer,  respectively,  Southern  Re- 
gion, Agricultural  Research  Service,  U.S.  Department  of 
Agriculture,  Chickasha,  Okla.  73018. 


yield  data  from  various  land  uses,  soil  types,  and 
areas  of  different  rainfall  characteristics.  The 
sediment  data  collection  program  described 
herein  was  initiated  to  aid  in  the  development  of 
sediment-yield  prediction  models. 

The  purpose  of  this  report  is  to  compare  some 
preliminary  data  relative  to  sediment  yield  from 
several  small  watersheds  subjected  to  different 
land  use.  Because  the  data  recorded  were  for  a 
short  (1967-71)  and  generally  dry  period,  they 
are  insufficient  for  developing  a  dependable 
model.  However,  the  data  do  show  many  interest- 
ing features  of  sediment  yield.  These  include  the 
relative  yield  of  good-to-excellent  rangeland 
versus  poor-to-fair  rangeland,  sheet  and  rill  ero- 
sion from  poor-to-fair  rangeland  versus  gully 
erosion  from  poor-to-fair  rangeland,  and  the 
magnitude  and  seasonal  distribution  for  differ- 
ent cropping  patterns. 

DESCRIPTION 

watersheds,  R-5  and  R-6,  are  virgin  grassland  in 
good-to-excellent  condition,  with  no  evidence 
of  active  gullies.  Although  no  attempt  has  been 
made  to  regulate  grazing  on  these  areas,  the 
stocking  rate  has  generally  been  within  the 
recommended  limits  during  the  past  decade.  The 
principal  soils  are  Renfro  silt  loam  and  Grant 
silt  loam.  In  addition  to  being  within  the  same 
fenced  enclosure,  they  are  adjacent  to  each  other 
and  are  subject  to  essentially  the  same  manage- 
ment practices.  The  other  two  grassland  water- 
sheds, R-7  and  R-8,  are  in  poor-to-fair  condition. 
They  were  cultivated  from  about  1900  until  1940, 
when  they  were  returned  to  rangeland  use  be- 
cause of  severe  erosion.  Through  natural  plant 
succession  and  reseeding,  a  fair-to-good  stand  of 
native  little  bluestem  (Andropogon  scoparius 
Michx.)  grass  now  covers  a  major  portion  of 
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these  watersheds.  Numerous  severely  eroded 
areas,  which  support  annual  weeds  and  grasses, 
exist  around  the  perimeter  of  the  watersheds.  Al- 
though both  watersheds  are  within  the  same 
fenced  enclosure,  watershed  R-7  is  normally 
grazed  slightly  more  than  R-8.  During  recent 
years,  both  have  been  slightly  overgrazed. 

Watersheds  R-7  and  R-8  also  have  an  active 
gully  system.  The  bottom  of  the  principal  gully  in 
each  watershed  consists  primarily  of  sandstone. 
The  gradient  offers  little  chance  of  establishing  a 
vegetative  cover  sufficient  to  trap  sediment  in 
the  gully  itself.  By  1970  the  gully  in  watershed 
R-7  had  advanced  to  a  point  where  about  50  pet 
of  the  drainage  area  was  below  the  gully  overfall. 
In  an  effort  to  determine  the  magnitude  of  sedi- 


ment yield  from  gully  erosion,  an  intermediate 
gaging  station  was  installed  at  the  overfall. 

Cropland 

The  seven  cropland  watersheds,  ranging  from 
13  to  44  acres,  are  located  on  the  South  Central 
Oklahoma  Research  Station  and  are  within  1  mi2. 
The  watersheds  are  on  the  alluvium  of  the  Wa- 
shita River,  with  land  and  channel  slopes  rang- 
ing from  less  than  0.05  to  0.15  pet.  The  soils  are 
a  mixture  of  McLain  silt  loam,  McLain  silty  clay 
loam,  and  Reinach  silt  loam.  All  of  these  water- 
sheds have  been  leveled  for  row  irrigation  or 
graded  for  surface  drainage.  Farming  opera- 
tions are  controlled  and  implemented  by  the 
Oklahoma  Agricultural  Experiment  Station. 


INSTRUMENTATION  AND  CLIMATE 


Thiessen  weighted  precipitation  amounts  for 
each  watershed  were  obtained  from  two  record- 
ing rain  gages.  All  runoff  measuring  stations 
were  precalibrated  H-flumes  or  concrete  V-notch 
weirs  equipped  with  FW-1  stage  recorders.  Sedi- 
ment samples  were  collected  with  Chickasha 
sediment  samplers3  at  7  of  the  12  locations  and 
by  hand  at  the  other  5  locations.  Sediment  yield 
was  computed  from  suspended-sediment  concen- 
trations and  flow  rates  at  numerous  time  inter- 
vals during  each  runoff  event. 

Rainfall  is  not  well  distributed  throughout  the 
year,  and  droughts  are  common.  Rainstorms  dur- 


ing spring  and  early  fall  tend  to  be  larger  and  of 
greater  intensity  than  at  other  times.  The  30-yr 
average  precipitation  at  Chickasha,  Okla.,  from 
1930  to  1960,  was  31.60  inches,  with  one-half  of 
this  amount  falling  during  the  4  months  of  May, 
June,  September,  and  October.  Precipitation  on 
these  watersheds  during  1967-71  was  substan- 
tially less  than  the  30-yr  normal.  A  low  of  19.75 
inches  and  a  high  of  33.72  inches  were  measured, 
with  a  period  average  of  26.97  inches  for  all  wa- 
tersheds. Precipitation  on  the  rangeland  water- 
sheds averaged  28.94  inches,  whereas  the  pre- 
cipitation on  the  cropland  watersheds  averaged 
only  25.84  inches. 


EXPERIMENTAL  DATA  AND  RESULTS 


Rangeland 

Annual  values  of  precipitation,  runoff,  and 
sediment  yield  from  the  four  grassland  water- 
sheds during  1967-71  are  given  in  table  1.  Values 
from  the  two  virgin  grassland  watersheds,  R-5 
and  R-6,  which  were  in  good-to-excellent  condi- 
tion, are  similar.  The  5-yr  average  annual  rain- 
fall for  watersheds  R-5  and  R-6  was  29.38  inches 
and  29.35  inches,  respectively.  Average  annual 
runoff  and  sediment  yield  were  0.99  inch  with  54 
lb/acre  from  watershed  R-5  and  0.93  inch  and 
93  lb/acre  from  watershed  R-6.  The  sediment 
yields  are  probably  normal  for  good-to-excellent 


•  Miller,  Gary  E.,  Allen,  Paul  B.,  Welch,  Norman  H., 
and  Rhoades,  Edd  D.  1969.  The  Chickasha  sediment 
sampler.  U.S.  Department  of  Agriculture,  Agricultural 
Research  Service,  ARS  41-150, 14  pp. 


native  grass  ranges  in  this  locality,  where  there 
are  no  bare  areas  or  active  gullies. 

The  precipitation  values  for  the  formerly  cul- 
tivated grassland  watersheds,  R-7  and  R-8,  were 
about  equal,  with  an  average  annual  runoff  of 
4.41  and  4.07  inches,  respectively.  Although  the 
overall  grass  cover  was  slightly  better  on  water- 
shed R-8  than  on  R-7,  the  gullies  were  more  ex- 
tensive on  R-8.  This  may  partly  account  for  some 
of  the  observed  differences  in  runoff.  The  aver- 
age annual  sediment  yield  from  watershed  R-7 
was  5,300  lb/acre,  compared  to  11,900  from  wa- 
tershed R-8.  This  was  a  loss  of  1,200  and  2,900 
lb/acre-inch  of  runoff,  respectively.  The  above 
quantities  include  sediment  that  was  measured 
in  the  runoff  water  passing  the  gaging  station, 
and  sediment  that  was  deposited  immediately 
upstream  of  the  gaging  station.  Periodic  cross- 
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sectional  surveys  were  made  to  calculate  amounts 
of  sediment  deposited  in  the  150-ft  reach  directly 
upstream  of  the  gaging  station.  The  more  exten- 
sive gully  system  in  watershed  R-8  was  probably 
the  primary  cause  for  the  difference  in  sediment 
yield  from  the  two  areas. 

A  comparison  of  the  virgin  grassland  water- 
shed R-5  with  the  eroded  grassland  watershed 
R-7  shows  4.4  times  as  much  runoff  and  100 
times  as  much  sediment  yield  from  the  eroded 
area  than  from  the  virgin  area.  Differences  in 
rainfall  were  small  and  would  not  account  for 
the  disparity  in  sediment  yield. 

To  determine  the  magnitude  of  gully  erosion 
on  the  eroded  grassland  watershed  R-7,  an  addi- 
tional gaging  site  was  established  at  the  overfall 
in  1970.  This  subdivision  made  it  possible  to 
separate  the  amount  of  sediment  produced  in  the 
nongullied  portion  of  the  watershed  from  that  of 
the  0.15-acre  gullied  portion.  A  preliminary  esti- 
mate of  sediment  production  from  the  gullied 
portion  of  watershed  R-7  was  determined  with 
the  1971  data.  During  1971,  runoff  from  the  up- 
per 9.30  acres  of  watershed  R-7  was  8.29  inches, 
and  the  sediment  yield  was  3,960  lb/acre  (2  tons/ 
acre) .  By  assuming  that  the  sediment  loss  rate 
from  sheet  and  rill  erosion  for  the  9.74  acres 
of  the  lower  portion  of  the  watershed  was  the 
same  as  that  for  the  upper  portion,  the  sediment 
produced  from  the  0.15  acre  of  gullied  area  was 
calculated  as  78,700  lb,  or  527,000  lb/acre  (268 
tons/acre).  Thus,  less  than  1  pet  of  the  total 
area  of  the  eroded  grassland  watershed  produced 
51  pet  of  all  sediment  from  the  watershed.  Be- 
cause of  a  slightly  thicker  grass  cover  on  the 
lower  nongullied  area  than  on  the  upper  non- 
gullied area,  the  calculated  sediment  yield  from 
the  gully  is  probably  conservative. 

Cropland 

Annual  values  of  precipitation,  runoff  and 
sediment  yield  from  the  seven  cropland  water- 
sheds for  the  period  1967-71  are  given  in  table  2. 
Average  annual  sediment  yield  from  watershed 
C-l,  in  continuous  dryland  cotton  for  the  5-yr 
period,  was  770  lb/acre.  This  value  may  be  un- 
representatively  low  because  the  main  drain  in 
the  field  has  a  slope  of  less  than  0.05  pet,  which 
allows  most  of  the  sands  and  heavy  silt  fractions 
from  steeper  portions  of  the  watershed  to  settle 
out  before  reaching  the  measuring  station. 
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Watersheds  C-3  and  C-4  have  been  planted  to 
irrigated  cotton  crops  since  1964.  Watershed  C-3 
is  divided  into  three  subplots  with  a  tail-water 
drainage  channel  at  the  lower  end  of  each  sub- 
plot, whereas  watershed  C-4  consists  of  only  one 
plot  with  the  main  tail-water  drainage  channel 
across  the  lower  end.  Normally,  about  12  inches 
of  irrigation  water  is  applied  during  July  and 
August,  with  none  lost  as  runoff.  Although  slopes 
are  about  0.15  pet,  the  areas  are  well  drained. 
Normal  tillage  includes  moldboard  plowing  8  to 
10  inches  deep  in  mid-December,  with  areas  left 
rough  until  mid-March  when  the  seedbed  is  pre- 
pared. Cotton  on  these  watersheds  is  usually 
planted  in  mid-May;  thus,  a  clean,  smooth,  fresh- 
ly tilled  seedbed  exists  during  most  of  the  spring 
rainy  season.  The  major  portion  of  the  sediment 
movement  from  these  watersheds  occurs  during 
spring.  For  example,  the  storm  of  May  31,  1971, 
caused  1.02  inches  of  runoff  and  2,600  lb/acre  of 
sediment  yield  from  watershed  C-3.  A  larger 
rainfall  event  on  October  2,  1971,  caused  1.74 
inches  of  runoff  but  only  520  lb/acre  of  sediment 
yield. 

Watersheds  C-5  and  C-6  have  been  in  continu- 
ous dryland  wheat  since  1964.  Construction  of  a 
main  drainage  channel  in  1964  along  one  side  of 
each  watershed  has  improved  the  surface  drain- 
age; however,  approximately  20  pet  of  each  wa- 
tershed is  poorly  drained.  Soon  after  wheat 
harvest  in  mid-June,  each  of  these  watersheds 
is  normally  disked  or  plowed  8  to  10  inches  deep. 
The  area  is  left  rough  and  cloddy  until  the  latter 
part  of  August,  when  the  wheat  seedbed  is  pre- 
pared; planting  follows  in  early  October.  Unlike 
the  cotton  land,  the  wheat  areas  are  bare  during 
the  fall,  but  well  covered  during  the  spring;  thus, 
the  major  sediment  yield  from  these  watersheds 
occurs  during  the  fall.  This  is  exemplified  by 


data  from  wheatland  watershed  C-5  and  the 
same  two  rainfall  events  discussed  before.  The 
storm  of  May  31, 1971,  produced  only  0.18  inch  of 
runoff  and  8  lb/acre  of  sediment,  whereas  the 
storm  of  October  2, 1971,  produced  1.76  inches  of 
runoff  and  2,754  lb/acre  of  sediment. 

Watershed  C-7  has  been  in  row  crops  and  sown 
sudan  and  alfalfa  since  1964.  The  area  is  divided 
into  two  nearly  equal  subplots.  It  has  been  graded 
and  leveled  and  has  an  average  slope  of  approxi- 
mately 0.15  pet.  During  1967,  the  entire  water- 
shed was  planted  in  cotton,  grain  sorghum,  and 
soybeans.  In  1968,  the  lower  portion  was  planted 
in  cotton,  grain  sorghum,  and  soybeans,  whereas 
the  upper  portion  was  summer-fallowed  and 
planted  in  alfalfa  in  September.  From  1969 
through  1971,  the  upper  portion  remained  in 
alfalfa.  In  1969-70,  the  lower  portion  was  in 
cotton,  grain  sorghum,  and  soybeans.  The  major- 
ity of  the  lower  portion  was  summer-fallowed 
during  the  spring  and  summer  of  1971  and  then 
planted  in  alfalfa  in  mid-September.  Runoff  and 
sediment  production  was  less  than  that  recorded 
on  the  irrigated,  row-cropped  watersheds  during 
the  first  4  yr,  but  much  greater  the  fifth  year, 
when  approximately  one-half  of  this  area  was 
fallowed  during  the  spring  and  summer. 

Watershed  C-8  was  in  alfalfa  from  the  fall  of 
1965  until  the  summer  of  1969,  when  it  was 
plowed.  The  watershed  has  been  in  continuous 
wheat  since  the  fall  of  1969.  The  average  annual 
runoff  and  sediment  yield  during  the  3  yr  of  al- 
falfa was  only  0.30  inch  and  13  lb/acre,  respec- 
tively. The  major  runoff  and  sediment  yield  dur- 
ing the  period  of  record  occurred  on  October  2, 
1971,  when  a  runoff  of  1.46  inches  produced 
2,046  lb/acre  of  sediment.  This  storm  occurred 
when  the  area  was  freshly  plowed,  just  before 
wheat  was  planted. 
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SEDIMENT  MOVEMENT  FROM  LOESSIAL  WATERSHEDS1 

By  R.  F.  Piest,  L.  A.  Kramer,  and  H.  G.  Heinemann2 


INTRODUCTION 


The  loess-mantled  region  bordering  the  Mis- 
souri River  from  South  Dakota  into  Missouri  is 
subject  to  extensive  erosion  from  surface  runoff. 
The  favorable  climate  and  the  natural  fertility 
of  the  deep,  moderately  permeable  soil  renders 
the  region  exploitable  for  intensive  agriculture, 
even  though  the  terrain  is  steep  enough  to  cause 
high  erosion  rates  during  intense  rainstorms. 
The  erosion  processes,  if  not  impeded,  deplete  soil 
fertility  by  removing  the  humus-enriched  topsoil. 
But  even  more  serious  aspects  of  erosion  are  (1) 
dissection  of  the  land  surface  by  rills  and  gullies 
and  (2)  downstream  damage  by  deposition  of 
sediments  and  sediment-borne  agricultural 
chemicals.  Fortunately,  the  quantities  of  soil 
eroded  from  fields  and  drainageways  of  the  loes- 
sial  region  each  year  are  not  moved  en  masse  to 
the  Mississippi  River  and  thence  to  the  Gulf  of 
Mexico.  On  the  average,  such  a  trip  requires  a 
decade  or  more  in  an  unregulated  drainage  sys- 


tem. Regardless  of  regulation,  it  is  necessary  to 
know  the  amount  and  location  of  these  sediments 
to  efficiently  design  and  operate  water  resource 
and  soil  conservation  systems. 

The  purpose  of  this  study  is  to  review  what  is 
known  about  the  movement  of  soils  from  loessial 
watersheds  and  to  extend  this  knowledge  by  ap- 
plying experiences  from  instrumented  water- 
sheds near  Treynor,  Iowa.  We  examine  inaccur- 
acies resulting  from  the  use  of  the  sediment-de- 
livery method  to  predict  sediment  yields  in  the 
loess  region.  Then,  using  previously  defined  re- 
lationships between  soil  erosion  and  sediment 
yield — and  insights  gained  from  the  intensive 
measurements  on  the  Treynor  watersheds — we 
identify  factors  that  will  improve  soil  loss  pre- 
dictions and  propose  an  independent  function  to 
represent  sediment  conveyance/retardance  prop- 
erties of  a  soil  surface.  The  end  result,  when  fully 
developed,  should  improve  sediment-yield  pre- 
diction procedures. 


PROCEDURES  FOR  ESTIMATING  EROSION  RATES 
AND  SEDIMENT  MOVEMENT 


Sediment-yield  estimating  procedures  for  the 
loessial  region  have  been  developed  (directly  and 
indirectly)  from  measurements  at  experiment- 
station  erosion  plots  at  Clarinda  and  Castana, 
Iowa,  and  Bethany,  Mo.;  from  streamflow  samp- 
ling stations  operated  by  the  U.S.  Geological 
Survey  and  the  Corps  of  Engineers;  and  from 
reservoir  sedimentation  surveys  by  several  Fed- 


1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Agri- 
culture and  Home  Economics  Experiment  Station,  Ames, 
Iowa. 

=  Hydraulic  engineer,  agricultural  engineer,  and  hy- 
draulic engineer,  respectively,  North  Central  Watershed 
Research  Center,  Agricultural  Research  Service,  U.S. 
Department  of  Agriculture,  Columbia,  Mo.  65201. 


eral  agencies.  These  measurements  have  been 
widely  utilized,  some  of  them  beyond  the  specific 
purpose  for  which  they  were  developed.  Many 
interpretations  and  empiricisms  have  also 
evolved  from  the  data  to  make  the  information 
more  generally  applicable  to  the  many  design 
problems  confronting  conservationists.  Gott- 
schalk  and  Brune  (o)3  used  the  work  of  Mus- 
grave  and  others  to  develop  an  expression  for 
predicting  sediment  accumulation  in  reservoirs. 
These  sedimentation-rate  estimates  were  re- 
quired for  the  design  of  many  small  detention 
and  desilting  reservoirs.  Glymph   (2)  added 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 
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streamflow  sediment  records  to  Gottschalk's 
reservoir  data  to  relate  watershed  sediment 
yields  to  gross  erosion,  number  of  rainfall  events 
equal  to  or  exceeding  1  inch/d  during  the  grow- 
ing season,  and  watershed  size. 

Similar  developments  have  continued,  and  the 
conservationist  can  now  select  whichever  of  the 
following  prediction  methods  best  suits  his  re- 
quirements. 

1.  Streamflow  sampling  method,  in  which 
streamflow  samples  are  used  to  predict  sediment 
discharges:  A  relationship  between  sediment 
discharge  and  runoff  is  usually  obtained  by  con- 
current field  measurements.  It  is  necessary  to 
sample  the  full  range  of  variation  in  these  fac- 
tors for  maximum  reliability,  but  more  often 
some  synthesis  is  required.  Once  the  long-term 
runoff-sediment  relation  is  established,  it  is  com- 
bined with  long-term  flow-frequency  data  to  ob- 
tain long-term  sediment  yields.  This  method  is 
probably  the  most  costly  and  time-consuming 
field  mensuration  program,  but  the  storm  data 
permit  insights  into  erosion  processes  that  are 
impossible  to  gain  with  other  methods. 

2.  The  reservoir  sedimentation  survey  method, 
in  which  accumulated  sediment  volumes  and 
weights  and  reservoir  trap  efficiencies  are  anal- 
yzed for  useful  general  information  on  sediment 
yields  in  a  region:  Less  field  work  is  required  in 
this  method,  but  the  data  are  not  as  easily  ad- 
justed for  special  or  unusual  conditions  as  is  the 
sediment-rating  curve  method  based  on  stream- 
flow  samples. 

3.  The  sediment-delivery  method,  in  which  the 
sediment  yield  to  some  downstream  cross  section 
or  deposition  point  is  based  on  an  estimate  of 
total  upstream  erosion  rates  and  an  estimate  of 
the  portion  of  this  total  that  appears  down- 
stream: Sediment  yields  from  methods  1  and  2 
and  computations  of  total  (gross)  erosion  for  a 
given  region  form  the  bases  for  determining  a 
sediment-delivery  percentage  or  ratio.  This 
method  is  an  excellent  qualitative  tool  for  pin- 
pointing sedimentation  problem  areas  and  for 
designing  conservation  structures.  But  the 
quantitative  accuracy  of  the  method,  at  present, 
is  questionable. 

4.  Methods  based  on  empirical  equations  de- 
rived from  measured  sediment  yields  (methods 
1  and  2)  and  watershed  hydrologic  characteris- 
tics: Most  of  these  empirical  expressions  have 


severely  limited  application,  even  in  the  region 
of  origin,  because  the  physical  laws  governing 
sediment  movement  are  ill-defined. 

5.  Methods  based  on  equations,  nearly  all  em- 
pirical, which  express  sediment  transport  in 
terms  of  the  hydraulic  and  sediment  properties 
of  alluvial  channels:  These  methods  are  often 
applied  when  most  of  the  material  eroded  from 
the  watershed  is  sand  size  or  larger  and  can  be 
found  in  appreciable  quantities  in  the  streambed 
and  when  there  is  appreciable  channel  erosion. 
These  methods  are  not  applicable  for  many  small 
watersheds  in  the  Missouri  Valley  loess  area. 

6.  The  simulated-watershed  sediment  model, 
which  portrays  the  kinematics  of  sediment  trans- 
port through  a  watershed,  from  point  of  origin 
to  deposition,  in  response  to  a  given  rainfall  or 
runoff  input:  This  method  is  still  essentially  un- 
developed. 

Beer  et  al.  (1)  measured  the  sediment  charac- 
teristics of  24  reservoir  watersheds  in  Iowa  and 
Missouri  to  test  sediment-prediction  techniques 
applicable  to  the  loess  region.  They  stated: 
"Most  techniques  are  empirical  and  require  con- 
siderable judgment  on  the  part  of  the  design- 
er." They  also  concluded  that  (1)  drainage  area 
and  sediment-delivery  ratio  are  poorly  corre- 
lated (a  good  correlation  is  needed,  of  course,  to 
apply  the  sediment-delivery  method)  and  (2) 
the  estimates  of  sheet-rill  erosion  rates  for  the 
watersheds  in  the  region  contributed  the  most 
variation  to  the  predicted  sediment  yield.  Sedi- 
ment yields  from  reservoir  surveys  and  trap  effi- 
ciency estimates  were  among  the  most  accurately 
determined  variables  of  their  study. 

Of  the  foregoing  methods,  the  sediment-deliv- 
ery method  is  used  most  in  operational  programs 
for  farm  conservation  and  watershed  treatment. 
Equations  for  estimating  sheet-rill  erosion,  prin- 
cipally the  so-called  Musgrave  equation  (6)  and 
universal  soil  4oss  equation  (12),  contain  such 
rational  factors  as  climate,  topography,  soil, 
land  use,  and  land  treatment  and  are  backed  by 
considerable  data  from  experiment-station  plots. 
If  the  mechanisms  causing  sediment  movement 
along  a  watershed  surface  can  be  better  de- 
scribed, the  sediment-delivery  method  has  great 
potential,  in  the  immediate  future,  for  predicting 
sediment  yields.  In  the  long  term,  such  informa- 
tion is  needed  to  develop  watershed  sediment 
models. 
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THE  SEDIMENT-DELIVERY  METHOD 


The  sediment-delivery  ratio,  D,  or  percentage, 
100D,  is  a  measure  of  the  diminution  of  eroded 
sediments,  by  deposition,  as  they  move  from  the 
erosion  sources  to  any  designated  downstream 
location.  The  formula  is 

D=Y/T  (1) 

where  y=the  sediment  yield  at  the  down- 
stream location 

and  r=the  total  (gross)  erosion,  which  in- 
cludes gully,  channel,  and  sheet-rill 
erosion  above  that  location. 

In  the  application  of  the  sediment-delivery 
method,  Y=DT;  D  is  usually  obtained  from  a 
graphical  relation  with  watershed  size.  For  most 
design  problems,  the  foregoing  equation  is  con- 
sidered valid  for  long-term  average  annual  con- 
ditions but  much  less  applicable  for  shorter  pe- 
riods. The  accuracy  of  the  sediment-delivery 
method  could  be  much  improved  by  insights  ob- 
tained from  an  analysis  of  storm-to-storm  varia- 
tions in  sediment  delivery.  We  will  show  sedi- 
ment-delivery relationships,  by  storm  and  by 
season,  in  simplified  form  by  considering  only 
the  sheet-rill  erosion  component.  This  component 
was  obtained  at  the  Treynor  watersheds  by 
sampling  streamf low  from  the  outflow  drainage- 
ways  just  upstream  of  the  gully  heads.  The  ef- 
fect of  the  simplification  will  be  discussed  later. 

Figure  1  is  reproduced  from  Beer  et  al.  (1 )  to 
show  the  extreme  variability  found  in  sediment 
delivery-area  relations.   Curve  A  represents 


T  1  1 — I    I   I  I  I 


0  1  0  2  05  1  0  2  0  SO  10 


NET  DRAINAGE  AREA,  squore  miles 

Figure  1. — Comparison  of  computed  sediment-delivery 
percentages  for  24  reservoir  watersheds  with  curves 
developed  from  reservoir  data  from  eastern  Ne- 
braska and  western  Iowa.  After  Beer  et  al.  (1)  ; 
curve  A  from  Glymph  (2) . 


about  30  small  reservoir  watersheds  scattered 
throughout  the  Missouri  River  Basin-loess  hills 
region;  curve  B  was  taken  from  unpublished  data 
for  Mule  Creek  basin  in  southwest  Iowa,  where 
the  measured  sediment  deposition  exceeded  com- 
puted erosion  rates  in  several  instances.  The 
plotted  points  represent  a  study  of  24  reservoir 
watersheds  in  western  Iowa  and  northwest  Mis- 
souri surveyed  by  Beer  et  al.  (1)  and  support 
their  statement  that  sediment-delivery  percent- 
age is  poorly  correlated  with  drainage  area.  The 
Musgrave  equation,  which  was  used  to  evaluate 
sheet-rill  erosion  rates,  was  the  basis  for  the 
sediment-delivery  calculations.  We  will  try  to 
explain  the  variability  in  the  sediment  delivery- 
drainage  area  relation  by  examining  annual  and 
storm  sediment  data  from  the  loessial  water- 
sheds near  Treynor,  Iowa. 

Table  1  is  a  summary  of  annual  rainfall  ero- 
sivity  parameters  (11),  1965-71,  and  measured 
sediment  yields  from  sheet-rill  sources  from  74- 
and  83-acre,  contour-planted,  continous-corn 
watersheds  1  and  2  near  Treynor,  Iowa.  Table  2 
is  a  summary  of  rainfall  erosivity,  runoff,  com- 
puted sheet-rill  erosion,  measured  sediment 
yield,  and  computed  sediment-delivery  percent- 
ages by  storm,  for  watershed  1. 

Sediment-Delivery  Interpretations- 
Annual  Basis 

The  mean  annual  rainfall  on  the  watersheds 
for  1965  through  1971  (table  1)  was  nearly  4 
inches  above  the  long-term  average  of  28.6  inch- 
es/yr  recorded  at  nearby  Omaha,  Nebr.,  but  the 
computed  rainfall  erosivity  was  80  pet  higher 
than  the  long-term  regional  value.  The  annual 
sediment-delivery  values  ranged  from  4  to  72  pet, 
with  a  7-yr  mean  of  46  pet.  Apparent  reasons  for 
year-to-year  variations  in  the  sediment-delivery 
are  the  amount  of  rainfall  and  the  seasonal  dis- 
tribution of  rainfall  erosivity;  the  wet  years  of 
1965  and  1967  had  the  highest  sediment  delivery, 
whereas  the  driest  years,  1966  and  1971,  had  the 
lowest  erosivities  but  sediment-delivery  values 
close  to  the  mean. 

Apparent  discrepancies  in  table  1,  such  as  the 
wide  variation  in  sediment-delivery  values  for 
comparable  rainfall  in  1969, 1970,  and  1971,  can 
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be  partially  explained  by  consideration  of  the 
magnitude  and  seasonal  occurrence  of  the  rain- 
fall erosivity  variable  of  the  universal  soil  loss 
equation.  Figure  2  shows  that  1969  and  1971 
rainfall  erosivities  were  similar  and  just  slightly 
above  the  long-term  average.  However,  the  larg- 
est 1969  storms  occurred  on  July  17  and  August 
20,  whereas  the  1971  storms  were  concentrated 
on  several  days  in  May  and  June.  As  a  result  of 
crop-cover  differences  on  these  dates,  the  com- 
puted sheet-rill  erosion  rates  for  1969  and  1971 
differed  somewhat,  being  32.7  and  41.8  tons/ 
acre,  respectively;  but  the  measured  sediment 
yields  were  vastly  different — 1.8  and  20.0  tons/ 
acre.  The  effective  erosivity  of  the  rainfall, 
tempered  by  the  existence  of  the  crop  canopy 
during  the  growing  season  (1 1 ) ,  is  shown  in  fig- 
ure 3. 
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Figure  2. — Rainfall  erosivity  variation  at  watershed  1 
during  3  consecutive  years  of  comparable  total  rain- 
fall. 
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These  comparisons  illustrate  that  soil  loss 
equations  are  not  always  reliable  predictors  of 
sediment  yield  because  they  make  no  provision 
for  the  attenuation  of  sediment  in  transport 
through  the  watershed.  For  example,  the  rainfall 
erosivity-cropping  factor  product  (RC)  of  fig- 
ure 3  would  require  an  adjustment  by  C4,  the 
fourth  power  of  the  cover  factor,  to  make  the 
computed  soil  loss  reflect  the  measured  sediment 
yield.  We  can  rationalize  that  a  watershed 
"roughness"  factor  would  be  relatively  low  for 
row-crop  fields  in  the  May-June  plow-plant  sea- 
son when  the  surface  is  bare.  Therefore,  we 
should  expect  low  sediment  delivery  for  1969  and 
a  relatively  high  value  for  1971. 

The  1970  rainfall  amount  (table  1)  also  was 
comparable  to  that  in  1969  and  1971,  but  the 
rainfall  erosivity  was  nearly  double.  Figures  2 
and  3  show  a  moderately  high  erosivity  during 
late  April  and  early  May  1970  and  a  very  high 
erosivity  in  August,  resulting  from  the  most  in- 
tense rainfall  of  record.  The  resultant  21-pct 
sediment  delivery  is  between  the  values  for  the 
other  2  yr.  This  demonstrates  the  effect  of  the 
seasonal  occurrence  of  storms  on  sediment  de- 
livery. 


"J     0  5 
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MONTH 

Figure  3. — Rainfall  erosivity  variation  of  figure  2,  ad- 
justed for  crop  stage. 
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Sediment-Delivery  Interpretations- 
Storm  Basis 

Storm  variations  in  gross  sheet-rill  erosion, 
sediment  yield,  and  sediment  delivery  are  shown 
in  table  2  for  one  of  the  contour-planted,  continu- 
ous-corn watersheds.  Fifty-five  of  the  best- 
sampled  runoff  events  at  watershed  1  in  the 
1965-71  period  are  listed.  These  represent  a  var- 
ied population,  with  measured  sediment  yields 
ranging  up  to  50  tons/acre  for  the  event  of  June 
20,1967. 

Computed  sheet-rill  erosion  rates  and  meas- 
ured downstream  sediment  yields  (from  sheet- 
rill  erosion  sources)  at  Treynor  watershed  1 
were  compared  (fig.  4) .  Only  33  pet  of  the  varia- 
tion in  storm-sediment  yield  is  explained  by  com- 
puted values  of  sheet-rill  erosion. 

To  explain  the  scatter  of  figure  4,  several  hy- 
drologic  variables  were  examined  for  each  storm 
event.  The  variables  included  rainfall  amounts, 
rainfall  kinetic  energy  (KE) ,  kinetic  energy  X 
high  30-min  rainfall  intensity  (EI) ,  storm  run- 
off volume,  peak  runoff  rate,  season,  time,  and 
moisture  content  in  the  top  6  inches  of  the  soil 
profile.  Season  is  the  Julian  date,  and  time  is  the 
number  of  days  elapsed  from  January  1,  1965. 
When  all  sediment-associated  variables  were 
used  in  a  stepwise  multiple  regression  on  each  of 
the  three  dependent  variables  (sediment  yield, 
erosion,  and  delivery) ,  the  results  were  as  given 
in  the  table  below. 

Peak  runoff  rate  and  season  explained  much 
of  the  variability  in  sediment  yield.  Erosion  rate 
was  highly  correlated  with  EI,  which,  of  course, 
is  a  major  variable  of  the  universal  soil  loss  equa- 
tion for  a  given  location.  Sediment-delivery  was 
most  predictable  on  the  basis  of  antecedent  soil 
moisture  content,  season,  and  EI. 

The  appearance  of  seasonal  and  antecedent 
moisture  variables  that  are  correlated  with  sedi- 
ment delivery  is  subject  to  several  interpreta- 


1  '/T'-bl 

6-20-67  - 


/v0°  SEDIMENT  YIELD  =  0.66  (computed  sheet  erosion)01 

-a  EXPLAINED  VARIATION,   r*  =  0.33 

STANDARO     ERROR  =  0.123  log  unit 
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Figure  4. — Comparison  of  erosion  rates  and  sediment 
yields  from  sheet-rill  erosion  sources  for  52  well- 
sampled  events  on  contour-corn  watershed  1. 

tions.  For  the  52  storms  considered  here,  these 
two  variables  are  relatively  independent  of  each 
other;  r=— 0.16.  Previous  studies  (9)  showed 
high  sediment-delivery  percentages  for  storms 
occurring  during  the  early  crop  stage.  It  was 
speculated  that  these  were  caused  by  rill  develop- 
ment or  soil  moisture  differences,  or  both,  that 
were  unaccounted  for  when  the  universal  soil 
loss  equation,  based  on  plot  studies,  was  applied 
to  watersheds.  However,  this  variation  in  sedi- 
ment delivery  may  also  be  interpreted  to  be  due 
to  errors  in  estimating  sheet-rill  erosion  (as  Beer 
et  al.  conclude)  or  to  the  need  for  additional 
variables  that  can  express  the  sediment  convey- 
ance characteristics  of  a  watershed. 


Cumulative  explained  variation,  R2,  due  to 
Dependent  variable  addition  of  a  given  independent  valuable 


1st  2d  3d 


Sediment  yield,  tons/acre  Runoff  peak  (0.81)  Season  (0.90)  KE  (0.95) 

Sheet-rill  erosion,  tons/acre  EI  (0.96)  Season  (0.97)  

Sediment  delivery,  pet  Soil  moisture  (0.36)  Season  (0.62)  EI  (0.83) 
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WATERSHED  SEDIMENT-CONVEYANCE 
AND  ROUGHNESS  CONCEPTS 


A  watershed  sediment-conveyance  character- 
istic could  be  analogous  to  a  hydraulic  convey- 
ance function  for  a  channel,  such  as  Manning's 
formula,  in  which  V  RS/n.  Moreover,  water- 
shed sediment  conveyance  could  vary  according 
to 

D  «  RS/n  (2) 

where    D= sediment  delivery  of  equation  1  (an 
expression  of  the  sediment  convey- 
ance properties  of  a  watershed  sur- 
face and  drainage  system) , 
R=an  expression  of  flow  geometry, 
S=a  watershed  slope  factor, 
and       n=a  watershed  roughness  factor. 

Such  a  function  is  in  agreement  with  Maner's 
findings  (-4)  that  sediment-delivery  percentage 
in  the  Red  Hills  physiographic  region  in  Texas 
and  Oklahoma  varies  with  relief  and  maximum 
length  of  watershed.  The  latter  variables  are 
expressed  as  a  ratio  and  are  comparable  to  a 
slope  factor.  Roehl  (10)  used  data  from  15 
Southeastern  Piedmont  watersheds  to  show  that 
sediment-delivery  ratios  decreased  with  increas- 
ing watershed  size  and  increased  with  an  in- 
crease in  watershed  relief/length  ratio.  These 
relationships  are  all  compatible  with  the  con- 
cept of  a  watershed  roughness  or  conveyance 
factor. 

The  foregoing  watershed  sediment-conveyance 
properties  are  based  on  differences  between  wa- 
tersheds. When  considering  soil  erosion  and  sedi- 
ment movement  on  a  single  watershed,  it  is  also 
possible  to  visualize  different  conveyance/ 
roughness  properties  from  season  to  season  and 
from  storm  to  storm.  These  properties  would  in- 
clude differences  in  rilling,  soil  moisture  levels, 
and  overland  flow  obstructions. 

The  apparent  sediment  delivery  from  storms 
occurring  in  August  and  September  on  water- 
shed 1,  based  on  measured  sediment  yield  and 
sheet-rill  erosion  calculated  by  soil  loss  equa- 
tions, is  nearly  always  less  than  30  pet  and  is 
often  10  pet  or  less  (table  2) .  We  originally  at- 
tributed this  apparent  low  sediment  delivery  to 
the  inadequacy  of  the  soil  loss  equation  to  reflect 
seasonal  erosion  rates;  that  is,  a  higher  erosion 
rate  was  thought  to  have  been  computed  than 
actually  occurred  in  August  and  September,  and 
the  resulting  sediment-delivery  percentage  was 


too  low.  However,  it  is  now  proposed  that  the 
C-f  actor  of  the  universal  soil  loss  equation,  which 
is  0.63  in  the  spring  and  decreases  to  0.26  in  the 
fall  for  these  cornfields,  is  correctly  gaging  the 
effect  of  cover  on  soil  loss  rates.  But  it  does  not 
purport  to  represent  a  watershed  roughness  fac- 
tor, which  is  needed  to  obtain  the  correct  sedi- 
ment-delivery ratio  and  thence  the  sediment 
yield. 

The  sediment-conveyance  characteristics  of  a 
watershed  vary  from  storm  to  storm  in  any  given 
season.  Figure  5  shows  the  percentage  of  sedi- 
ment-delivery variation  with  sediment  yield  for 
31  storms  in  June  from  1965  through  1971  at 
watershed  1,  for  which  any  seasonal  effect 
should  be  minimal.  Some  of  this  variation  is  due 
to  differences  in  watershed  roughness/convey- 
ance  properties  such  as  rill  formation,  mechani- 
cal cultivation,  and  soil  moisture  changes.  Pre- 
existing rills  on  the  watershed  surface  can  con- 
vey eroded  soil  more  efficiently  than  newly 
developed  rills  (5)  because  the  hydraulic  geo- 
metry is  more  favorable.  We  would  expect  the 


SEDIMENT    DELIVERY,  % 

Figure  5. — Sediment-delivery  variation  with  sediment 
yield  for  31  June  storms  occurring  from  1965-71  at 
contour-corn  watershed  1. 

137 


Z?-factor  in  equation  2,  which  would  be  compar- 
able to  the  hydraulic  radius  in  the  Manning 
formula,  to  increase  with  rill  formation  as  com- 
pared with  its  value  for  sheet  flow. 

It  is  impossible  at  present  to  state  the  effect 
on  sediment  delivery  of  soil  moisture  and  me- 
chanical cultivation  differences  between  these 
June  storms,  or  the  extent  to  which  these  two 
factors  affect  the  relationship  between  actual 
and  computed  sheet-rill  erosion  rates  on  a  wa- 
tershed by  the  universal  soil  loss  equation,  or 
watershed  conveyance  properties  even  if  soil 
losses  are  predicted  accurately.  We  also  suggest 
that  there  is  an  interaction  between  antecedent 
soil  moisture  content  and  storm  rainfall  intensi- 
ties that  cannot  be  typified  by  the  30-min 
maximum  rainfall  intensity  used  for  calculating 
sheet-erosion  rates.  Wet  soils  are  the  principal 
reason  that  measured  sediment  yields  can  some- 
times exceed  calculated  erosion  rates.  Anteced- 
ent soil  moisture  levels  are  correlated  with  sedi- 
ment delivery,  as  shown  in  figure  6.  Multiple 
correlation  analyses  of  sediment  delivery  for  the 


31  June  storms  at  watershed  1  show  that  peak 
runoff  rate,  runoff  volume,  and  antecedent  soiL 
moisture  explain  96  pet  of  the  variation. 


SOIL  MOISTURE  IN  0-  TO  6-INCH  PROFILE ,  inches 

Figure  6. — Sediment-delivery  variation  with  antecedent 
soil  moisture  level  for  31  June  storms  on  contour- 
corn  watershed  1, 1965-71. 


POTENTIAL  FOR  IMPROVING  THE 
SEDIMENT-DELIVERY  METHOD 


Current  agricultural  and  urban  erosion  prob- 
lems can  be  better  solved  by  a  fuller  understand- 
ing of  watershed  erosion  rates  and  sediment 
yields.  New  insights  into  watershed  sediment 
movement,  on  a  storm  basis,  can  refine  the  sedi- 
ment-delivery method  and  improve  its  useful- 
ness. These  insights  can  also  assist  in  the  devel- 
opment of  simulated  watershed  sediment  models. 
The  application  of  the  foregoing  analyses  to 
modification  of  the  sediment-delivery  method  to 
yield  better  estimates  of  sediment  movement 
from  loessial  watersheds  would  include — 

1.  The  best  portrayal  of  the  relationship  be- 
tween sediment  yield  and  drainage  area  for  the 
loessial  region  being  considered.  Piest  (8)  sum- 
marized research  into  the  variation  of  sediment 
yield  with  size  of  drainage  basin  and  found  that 
the  sediment  yield  decreased  by  about  the  nega- 
tive one-eighth  power  of  drainage  area.  The  one- 
eighth  power  relation  was  a  somewhat  greater 
decrease  in  sediment  yield  with  drainage  area 
than  Fleming  obtained  (as  discussed  in  refer- 
ence 8)  for  250  watersheds  on  four  continents. 
The  slope  of  the  Fleming  curve  was  probably  low 
because  it  was  based  on  a  preponderance  of  sedi- 
ment records  from  large  areas  and  was  not  com- 


pletely applicable  to  small  watersheds.  It  can  be 
reasoned  that  the  sediment  yield  for  minuscule 
areas  approximates  total  sheet-rill  erosion.  In  an 
example  by  Meyer  (5),  the  percentage  of  total 
material  transported  declines  rapidly  with  dis- 
tance downslope  until  less  than  half  of  the  total 
"point  erosion"  quantities  are  delivered  to  a  loca- 
tion 160  ft  downslope.  Onstad  (7)  shows  that  net 
soil  loss  on  a  typical  9-pct,  concave  slope  75  ft 
long  becomes  zero  at  about  44  ft  (the  100-pct 
sediment-delivery  point)  and  that  the  sediment- 
delivery  percentage  to  any  point  farther  down- 
slope  declines  rapidly.  With  these  background 
data,  the  best-portrayed  sediment  yield-drainage 
area  relation  for  the  Treynor  area  should  have  a 
slope  approximately  as  shown  in  the  sediment- 
delivery  curve  of  figure  7. 

2.  The  sediment  delivery-drainage  area  rela- 
tionship dealing  only  with  sheet-rill  erosion.  We 
propose  to  exclude  other  sediment  sources  and  to 
add  them  later  for  individual  watersheds  when- 
ever applicable.  The  sediment  delivery-drainage 
area  relation  differs  from  the  sediment  yield- 
drainage  area  relation  by  a  constant,  1/T,  since 
D=Y/T  (equation  1).  The  constant  is  based  on 
the  fact  that  sheet-rill  erosion  rates  obtained  by 
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Figure  7. — Probable  drainage-area  relation  to  sediment  yield   and   delivery,    considering   only   sheet-rill  erosion 

sources,  from  Iowa  cornfields  with  an  average  9-pct  slope. 


applying  the  universal  or  other  soil-decline  equa- 
tions are  not  a  function  of  watershed  size  in  an 
assumed  homogeneous  region. 

3.  The  assumption  that  the  trend  of  the  sedi- 
ment delivery-drainage  area  relation  is  the  same 
as  previously  demonstrated  for  sediment  yield- 
drainage  area.  Others  (8)  have  shown  that  sedi- 
ment delivery  decreases  with  approximately  the 
one-eighth  power  of  drainage  area.  However, 
Glymph's  curve  (fig.  1),  as  derived  from  Gotts- 
chalk  and  Brune's  data  for  the  Missouri  River 
loess  hills  (3),  was  somewhat  steeper  than  the 
others. 

Applying  these  concepts  to  Treynor  data,  the 
1965-71  average  annual  sediment  yield  from 
sheet-rill  erosion  sources  for  unterraced,  corn- 
cropped  watershed  1  was  determined,  from 
streamflow  samples  and  measurements,  to  be 
26.7  tons/acre/yr  from  74.5  acres  (table  1) .  The 
sediment  delivery,  computed  by  relating  sedi- 
ment yield  to  soil  loss  determined  by  the  uni- 
versal soil  loss  equation,  was  46  pet  (i.e.,  the 
sheet-rill  erosion  rate  was  58.5  tons/acre/yr) .  A 
sediment-delivery  curve  with  the  ordinate  in 
terms  of  both  sediment-delivery  percentage  and 
sediment  yield  is  shown  in  figure  7  for  Treynor 
watershed  1.  The  constant  k  is  evaluated  as 
100.D/ 7=1.72.  The  sediment-delivery  curve  was 
drawn  through  the  point  representing  watershed 
1.  Constraints  in  drawing  the  curve  include  the 
necessity  for  approaching  100-pct  delivery  on 
plot-size  areas  which  form  the  statistical  basis 


for  the  soil  loss  equations  and  for  paralleling 
sediment  yield-drainage  area  relationships. 

The  shape  of  the  sediment-delivery  curve  for 
row-crop  watersheds  is  apt  to  vary  from  that  for 
pasture  and  small  grains  because  the  watershed 
surface  roughness  is  much  greater  for  the  latter. 
Overland  sediment  movement  on  grass  and 
small-grain  watersheds  must  be  attenuated  more 
than  on  row  crops;  but,  from  the  point  where 
these  sediments  enter  channels  and  are  efficient- 
ly transported,  sediment  delivery  should  be  the 
same.  Therefore,  in  any  given  homogeneous  re- 
gion we  would  expect  that,  on  the  average,  steep, 
cultivated  watersheds  that  yielded  the  most 
storm  runoff  would  have  the  highest  sediment 
conveyance.  As  the  effective  surface  roughness 
increases  for  watersheds  with  more  gradual 
slopes,  denser  vegetation,  or  any  other  circum- 
stances that  would  retard  sediment  movement, 
the  sediment-delivery  ratio  versus  area  relation 
would  decline  more  rapidly  than  for  steep,  row- 
crop  land,  to  the  point  where  the  sediment  enters 
an  efficient  drainageway.  Then  the  relationship 
parallels  the  other  curves.  These  concepts  are 
illustrated  in  figure  8.  In  western  Iowa,  there  is 
a  wide  variation  in  the  size  of  watersheds  drain- 
ing into  well-defined  and  efficient  channels;  the 
average  is  between  30  and  50  acres. 

The  divergence  of  the  sediment-delivery  curves 
of  figure  8  does  not  seriously  affect  the  accuracy 
of  sediment  predictions  based  on  the  sediment- 
delivery  method.  The  preponderance  of  sediment 
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Figure  8. — Idealized  sediment-delivery  differences  between  row-crop  and  pasture  watersheds  in  western  Iowa. 


produced  by  the  sheet-rill  erosion  process  will  be 
from  row-crop  fields,  and  the  use  of  a  row-crop 
sediment-delivery  ratio  in  mixed-cover  water- 
sheds will  result  in  only  a  minor  sediment-yield 
overestimate  if  not  corrected.  This  statement  is 
substantiated  by  table  3,  where  measured  sedi- 
ment yields  for  conservation  watersheds  3  and  4 
near  Treynor  are  compared  with  sediment  yields 
from  contour-corn  watersheds  1  and  2,  1965- 
1971. 


Watershed  3  is  a  107-acre  bromegrass  pasture. 
Watershed  4,  150  acres,  is  level-terraced  and 
planted  to  continuous  corn.  Annual  sediment 
yields  from  sheet  erosion  sources  at  watersheds 
1  and  2  averaged  more  than  20  tons/acre;  they 
were  less  than  1  ton/ acre  at  watersheds  3  and  4. 
Gully  erosion,  which  was  not  considered  in  the 
foregoing  discussion,  averaged  20  pet  of  the  total 
for  the  7-yr  period. 


Table  3. — Average  annual  sediment  yield,  according  to  erosion  source,  from 
Treynor,  Iowa  ,  watersheds,  1965-71 


Watershed 


Overland 
runoff 

(inches) 


Sediment  yield 


Sheet  erosion 

source 
(tons/acre) 


Gully  erosion 
source 
(tons.) 


Total 

(tons  'acre) 


W-l  (Contour  corn)                      4.80  26.7  501  33.4 

W-2  (Contour  corn)                     4.45  20.9  389  25.5 

W-3  (Bromegrass  pasture)  . . .    1.75  .3  40  .6 

W-4  (Level-terraced  corn)  67  .9  2  .9 


SUMMARY 


A  7-yr  study  of  the  four  loessial  watersheds  in 
western  Iowa  shows  much  variability  of  sedi- 
ment movement  from  field  surfaces.  Sediment 
yields  for  most  years  were  profoundly  influenced 
by  one  or  two  rainstorms,  and  the  1965-71  ero- 
sivity  of  rainfall  was  180  pet  of  normal.  These 
findings  help  to  explain  some  of  the  variation 
noted  in  sediment-delivery  ratios  obtained  by 


short-duration  reservoir  sedimentation  and 
streamf  low  sampling  studies. 

Sediment  yields  from  sheet-rill  erosion  sources 
averaged  about  80  pet  of  the  total  sediment  yield; 
erosion  from  gullies  accounted  for  the  remaining 
20  pet.  The  annual  sediment  yields  from  sheet- 
rill  erosion  ranged  from  less  than  1  ton/acre  on 
conservation  watersheds  to  99  tons/acre  for  a 
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75-acre,  continuous-corn  watershed  planted  on 
approximate  contour. 

We  suggest  improvement  in  the  much-used 
sediment-delivery  technique  as  a  needed  step  to- 
ward the  development  of  a  viable  watershed 
sediment  model  and  for  better  prediction  of  sedi- 
ment movement  on  loessial  watersheds.  For  ex- 
ample, although  the  present  universal  soil  loss 
equation  is  an  excellent  base  for  a  watershed 
sediment  model,  which  would  be  improved  by 
adding  an  antecedent  soil-moisture  factor,  a 
more  complete  description  of  the  rainfall  erosiv- 
ity  and  cropping  factors  would  also  be  desirable. 
In  conjunction  with  this  modified  soil  loss  equa- 


tion, a  group  of  terms  must  be  introduced  that 
will  express  the  sediment  conveyance/ roughness 
characteristics  of  the  watershed  surface.  The 
cropping  factor  of  the  universal  equation,  for 
example,  may  adequately  express  sheet-rill  ero- 
sion rates  from  a  small  plot,  but  the  efficiency 
with  which  these  eroded  sediments  are  trans- 
ported across  a  watershed  surface  is  unrelated 
to  the  erosion  process  and  is  presently  not  ac- 
counted for.  Similarly,  the  relief,  slope,  slope 
length,  surface-flow  obstructions,  watershed 
size,  and  drainage  densities  are  all  attributes 
that  affect  sediment  conveyance  on  a  watershed. 
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A  VOLUMETRIC  ESTIMATE  OF  MAN-INDUCED 
SOIL  EROSION  ON  THE  SOUTHERN 
PIEDMONT  PLATEAU 


By  Stanley  W.  Trimble1 
(With  an  Appendix  by  David  E.  Penney) 

INTRODUCTION 


The  southern  Piedmont  Plateau'-  is  an  out- 
standing example  of  man's  disturbance  of  na- 
tural equilibrium:  It  is  one  of  the  most  severely 
eroded  agricultural  areas  in  the  Nation.  Most  of 
the  Piedmont  has  been  stripped  of  much  of  the 
topsoil,  many  areas  have  suffered  erosion  deep 
into  the  subsoil,  and  some  areas  have  been  gullied 
so  badly  as  to  render  the  land  unsuitable  for  agri- 
culture. The  debris  from  this  erosion  has  filled 
stream  valleys  and  channels  to  varying  degrees, 
often  swamping  the  adjacent  bottom  lands.  In 
areas  of  extremely  severe  erosion,  streams 
may  now  be  flowing  10  to  20  ft  above  their  orig- 
inal beds,  with  bridges  being  literally  buried 
(7, 1 0-14, 17,  21-23,  25). ,3 

Although  much  attention  has  been  given  to  the 
qualitative  aspects  of  Piedmont  soil  erosion, 
there  has  been  too  little  consideration  of  quanti- 
ties. In  their  classic  study  of  continental  denuda- 
tion, Dole  and  Stabler  (6)  concluded,  from  sus- 
pended stream  loads  at  the  fall  zone,  that  the 
general  area  of  the  Piedmont  was  being  denuded 
at  rates  from  0.8  to  1.3  inches/1,000  yr.  (Meas- 
urements of  suspended  stream  loads  are  them- 
selves subject  to  considerable  error.)  Such  low 


taking  place  on  the  upland  at  that  time,  have 
been  considered  as  the  "lowering  of  the  land" 
or  as  "regional  erosion"  (e.g.,  Menard,  19) .  Later 
calculations  of  denudation  of  drainage  basins 
have  not  differed  greatly  from  those  of  Dole  and 
Stabler  (Judson  and  Ritter,  18) .  Some  research- 
ers, however,  have  pointed  out  that  figures  previ- 
ously cited  as  "the  lowering  of  the  land"  are  in 
fact  only  sediment  yields  and  constitute  only  a 
small  to  very  small  portion  of  the  gross  or  total 
erosion4  from  larger  river  basins  (8,  9,  16). 
Holeman  (16),  for  example,  cites  evidence  indi- 
cating that  annual  sediment-delivery  ratios 
might  be  as  low  as  5  pet  from  the  Potomac  River 
basin,  which  is  partially  within  the  Piedmont. 

To  realize  that  sediment-delivery  ratios  from 
the  Piedmont  have  been  relatively  low,  one  need 
only  consider  the  massive  stream  and  valley  sedi- 
mentation that  has  taken  place  within  the  Pied- 
mont, especially  in  the  headwater  areas.  Yet,  lit- 
tle is  known  concerning  the  disparity  between 
gross  erosion  and  sediment  yields  from  the  Pied- 
mont. Although  sediment  yields  may  be  meas- 
ured with  a  fair  degree  of  reliability,  the 
measurement  of  gross  erosion  is  much  more  dif- 
ficult. 


rates,  reflecting  in  no  way  the  extreme  erosion 

PREVIOUS  VOLUMETRIC  STUDIES  OF  EROSION 
ON  THE  PIEDMONT 


The  late  Carl  B.  Brown,  sedimentologist  with 
the  Soil  Conservation  Service,  made  an  attempt 
in  1940  to  estimate  the  volume  of  total  erosion 
from  a  large  portion  of  the  Georgia  Piedmont. 


With  a  large-scale  erosion  survey  of  the  upper 
Ocmulgee  River  watershed,  an  area  of  1,414  mi2, 
average  depths  of  soil  removal  were  assigned  to 
each  of  the  five  general  groupings  of  erosion 


1  Assistant  professor  of  geography,  Department  of 
Geography,  University  of  Wisconsin,  Milwaukee  53201. 

2  The  southern  Piedmont  is  that  portion  of  the  Appa- 
lachian upland  having  Piedmont  soil,  as  defined  in  USDA 
soil  surveys.  The  study  area  does  not  extend  northward 
of  the  James  River  because  of  a  significant  change  in 
soils. 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  preceding  the  appendix  to  this  paper. 


4  "Gross  erosion"  is  the  total  amount  of  soil  material 
dislocated  and  removed  some  distance  by  erosion  within 
an  area.  "Sediment  yield"  is  the  amount  of  eroded  mate- 
rial transported  by  a  stream  system  to  or  past  some  point 
in  the  watershed.  "Sediment-delivery  ratio"  is  the  ratio 
(at  some  locational  point)  of  sediment  yield  to  the  gross 
erosion  that  has  taken  place  upstream  during  the  same 
period  of  time.  All  three  of  these  measurements  may  be 
taken  for  any  period  of  time. 
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classes  (20,  pp.  19-23) .  Such  soil  removal  assig- 
nations were  based  on  the  average  net  thick- 
nesses of  material  truncated  from  the  profiles  of 
the  preexisting  virgin  soils.  With  these  assigna- 
tions, ranging  from  2  to  36  inches,  the  average 
depth  of  total  soil  loss  was  calculated  to  have  been 
almost  7  inches  (20,  pp.  19-23)  .5  The  same  tech- 
nique was  used  with  only  slight  modification  for 
two  other  Piedmont  watersheds.  The  watershed 
of  the  Spartanburg,  S.C.,  municipal  reservoir 
was  found  to  have  lost  an  average  of  over  5  inch- 
es of  soil  (1),  while  the  Lake  Michie  watershed 
near  Durham,  N.C.,  lost  more  than  4  inches  (2) . 

The  approach  used  by  Brown  for  estimating 
total  sediment  production  was  innovative  and 
useful."  Given  the  sediment  yield  from  a  large 
watershed  (e.g.,  from  Dole  and  Stabler7)  esti- 
mates of  sediment-delivery  ratios  and,  converse- 

ESTIMATIONS  OF  EROSION 

The  approach  of  the  present  study  is  essential- 
ly that  of  Brown's  except  that  the  assignation  of 
average  depths  of  soil  removal  is  more  detailed. 
Areas  of  the  Piedmont  selected  for  evaluation 
of  soil  loss  are  those  which  have  been  surveyed 
and  mapped  at  a  large  scale  (1: 20,000  or  larger, 
mapped  over  aerial  photo  base  maps) ,  with  ero- 
sion being  a  mapping  criterion.  The  34  large- 
scale  surveys  used  in  this  study  were  of  two  gen- 
eral categories:  (1)  The  USDA  erosion  surveys, 
"Erosion  and  Related  Land  Use  Surveys,"  later 
called  "Physical  Land  Surveys,"  which  were 
completed  between  1936  and  1941  at  a  scale  of 
1: 15,840,  with  erosion  considered  as  a  main  foc- 
us. For  purposes  of  this  study,  soil  removal 
depths  were  assigned  by  erosion  classes,  with 
each  survey  having  from  15  to  35  such  classes. 
(2)  USDA  soil  surveys,  most  completed  between 
1949  and  1967,  at  a  scale  of  1: 20,000.  Soil  remov- 

5  These  average  depths  of  soil  loss  were  calculated  by 
the  present  author  by  simply  dividing  the  estimated  vol- 
ume of  eroded  material  by  the  total  area  of  the  watershed 
subject  to  erosion.  In  the  Lloyd  Shoals  watershed  study, 
for  example,  the  calculated  soil  loss  was  467,200  acre- 
feet  from  827,200  acres  subject  to  erosion. 

6 1  do  not  imply  that  Brown  himself  devised  this  tech- 
nique for  estimating  erosion.  Connaughton  and  Hough 
(5)  utilized  a  similar  technique  as  early  as  1938.  How- 
ever, they  gave  no  explanation  of  the  technique,  nor  did 
they  indicate  the  assumptions  on  which  they  proceeded 
(e.g.,  the  average  depth  of  soil  removal  for  each  erosion 
class).  Only  64  pet  of  the  study  area  had  been  surveyed 
for  erosion. 


ly,  upstream  deposition  could  be  obtained  (2U) . 7 
The  estimates  used  by  Brown,  however,  may  be 
criticized  because  the  assignations  of  soil  remov- 
al depths  were  too  generalized  at  the  very  large 
scale  (1: 15,840)  for  which  data  were  available. 
Brown  apparently  accepted  the  published  group- 
ings of  erosion  classes,  which  were  based  more 
on  qualitative  than  quantitative  criteria.  For  ex- 
ample, the  "very  severe  erosion"  grouping  (to 
which  he  assigned  an  average  removal  depth  of 
36  inches)  includes  several  disparate  erosion 
classes  ranging  from  "very  severe  sheet  erosion" 
to  "very  frequent  or  destructively  large  gullies" 
(20,  pp.  9-10) .  At  the  very  large  scale  of  the  data 
available  to  Brown,  each  erosion  class  should 
have  been  considered  separately  and  assigned  an 
average  depth  of  soil  removal  based  on  the 
recommendations  of  the  soil  scientists  perform- 
ing the  erosion  surveys. 

FROM  LARGE-SCALE  SURVEYS 

al  assignations  were  made  by  mapping  units 
(each  mapping  unit  having  an  erosion  classifica- 
tion) ,  with  each  soil  survey  having  from  25  to 
150  mapping  units. 

The  total  area  of  the  34  surveys,  excluding 
overlap  is  15,126  mi2,  or  27.4  pet  of  the  55,049 
mi2  of  the  study  area.  The  distribution  of  the 
survey  areas  is  shown  on  map  1.  It  is  believed 
that  these  surveys  give  a  reasonably  valid  sampl- 
ing of  erosion  conditions  on  the  Piedmont,  con- 
sidering the  relative  physical  homogeneity  of  the 
region. 

For  both  types  of  surveys,  average  soil  re- 
moval estimates  were  assigned  to  each  erosion 
class  or  mapping  unit  by  experienced  soil  scien- 
tists who  had  actually  taken  part  in  the  surveys 
themselves  or  who  had  considerable  field  experi- 
ence in  the  general  area  of  each  survey.  Although 
these  assignations  are  estimates  or  value  judg- 
ments, they  are  based  on  thousands  of  field 
measurements  and  observations8  for  each  set  of 
soil  series,  slope,  texture,  and  erosion  conditions, 


7  This  assumes  that  available  sediment-yield  data  are 
reasonably  accurate.  Moreover,  one  must  extrapolate 
sediment  yields  for  the  entire  period  of  European  occu- 
pance,  introducing  additional  error. 

8  Consideration  was  not  given  to  soil  regenerative 
processes  operative  during  the  period  of  European  occu- 
pance.  This  is,  the  soil-forming  processes  may  have 
slightly  restored  the  qualities  of  a  truncated  profile  over 
a  period  of  a  century.  This  was  not  considered  to  be  a 
significant  factor  in  most  areas. 
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Areas  Of  The  Piedmont 
Surveyed  For  Erosion 
At  Large  Scale 


and  therefore  the  values  begin  to  assume  the 
characteristics  of  statistical  means. 

For  each  survey,  soil  removal  estimates  were 
made  by  at  least  two  soil  scientists.  Estimates 
for  several  surveys  were  made  by  three  and  even 
four  soil  scientists  when  qualified  people  were 
available.  Each  soil  scientist  worked  independ- 
ently in  making  his  soil  removal  estimates.  From 
each  set  of  assignations  for  a  survey,  I  calculated 
a  total  soil  removal  for  the  survey  area.  I  then 
averaged  the  totals,  giving  a  mean  total  volume 
removed  from  each  survey  area.  This  figure, 
divided  by  the  total  area  surveyed,  gave  an  aver- 
age depth  of  soil  removal  from  the  survey  area.9 
This  process  was  repeated  for  all  34  large-scale 
surveys. 


Although  the  assignations  of  average  soil  re- 
moval for  a  given  erosion  class  or  soil  mapping 
unit  differed  somewhat  from  one  soil  scientist  to 
the  next  and  although  these  differences  gener- 
ally increased  with  the  severity  of  erosion,  the 
disparities  tended  to  balance  one  another.  This 
means  that  the  total  volumes  of  material  esti- 
mated to  have  been  removed  for  a  given  survey 
area  generally  differed  little.  For  example,  24 
of  the  34  surveys  have  estimate  disparities  of 
less  than  5  pet.10  An  excerpt  from  an  evaluated 
soil  survey  is  given  in  table  1. 

By  considering  separately  the  assignations  of 
each  man,  the  total  average  depths  of  soil  re- 
moved from  Walton  County  were  as  follows: 
Robertson — 6.704  inches,  Bennett — 6.759  inch- 


0  It  will  be  noted  that  volume  of  eroded  material  is  di- 
vided by  the  total  area,  rather  than  by  the  area  of  land 
subject  to  erosion.  That  is,  areas  of  alluvial  and  colluvial 
deposition  were  not  excluded.  This  was  done  in  order  to 
retain  comparability  in  expanding  the  data  to  the  entire 
Piedmont,  wherein  1:500,000  maps  were  used.  At  the 
smaller  scale,  it  was  impossible  to  separate  erosional  and 
depositional  surfaces. 

10  That  the  estimates  were  so  similar  should  not  come 
as  a  surprise.  The  soil  scientists  had  occasionally  worked 
with  one  another  and  had  the  same  general  perception. 
For  example,  their  ideas  concerning  the  virgin  profiles 
of  various  soils  were  very  similar. 


Table  1. — Excerpts  from  the  Walton  County,  Ga.,  soil  survey,  tvith  soil  loss 

assignations 

Survey  Estimated  average 

Soil  area'  Percent       depth  of  soil  eroded  (inches)1 

(acres)         of  county     —  — 


Cecil  coarse  sandy  loam, 


2  to  6  pet  slopes,  eroded   

16,995 

8.0 

4 

5 

5 

Cecil  sandy  clay  loam,  6  to 

10  pet  slopes,  severely  eroded  ■  • 

35,500 

16.8 

10 

9 

9 

Madison  sandy  clay  loam,  2  to  6 

pet  slopes,  severely  eroded   

640 

.3 

9 

9 

8 

Madison  sandy  clay  loam,  10  to  15 

pet  slopes,  severely  eroded 

730 

.3 

10 

11 

12 

1  Surveyed  by  Stanley  M.  Robertson  (A),  Jackson  Bennett  (B),  and  Paul  H.  Montgom- 
ery (C). 
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es,  and  Montgomery — 6.764  inches.  The  average 
of  the  three  depths,  rounded  to  the  nearest  tenth, 
is  6.7  inches.  Thus,  the  estimated  total  erosion 
from  Walton  County,  Ga.,  would  cover  the  coun- 


ty to  a  depth  of  6.7  inches.  Similarly  computed 
figures  of  the  other  33  survey  areas  ranged  from 
4.0  inches  (Wake  County,  N.C.)'  to  12.1  inches 
(Greene  County,  Ga.) . 


EXTRAPOLATION  OF  EROSION  DATA  TO  THE 
SOUTHERN  PIEDMONT  WITH  SMALL-SCALE  SURVEY  MAPS 


Although  I  believed  that  the  information  ob- 
tained thus  far  might  lead  to  some  valid  geo- 
graphic generalizations  of  soil  removal  (e.g., 
soil  loss  was  greater  to  the  south),  a  more  de- 
tailed spatial  breakdown  (e.g.,  by  large  water- 
sheds or  land-use  regions)  could  not  be  obtained. 
Thus,  a  search  was  made  for  some  suitable  ve- 
hicle to  expand  the  available  data  to  the  remain- 
der of  the  study  area.  After  a  consideration  of 
several  possibilities,  it  was  decided  to  use  the 
1:500,000  published  maps  of  "Reconnaisance 
Erosion  Survey"  (RES)  completed  by  the  USDA 
Soil  Erosion  Service  in  1934  (27) . 

At  the  national  scale,  the  RES  has  been  criti- 
cized especially  for  exaggeration.  An  evaluation 
by  Held  and  Clawson,  however,  noted  that  "the 
results  have  stood  up  remarkably  well"  (15,  p. 
157;  see  also  p.  63) .  For  the  Piedmont,  a  survey 
by  this  writer  conducted  among  soil  scientists 
familiar  with  the  RES  revealed  attitudes  toward 
the  survey  ranging  from  mild  suspicion  to  strong 
acceptance.  Among  those  questioned  who  had 
actually  taken  part  in  the  survey,  there  was  little 
doubt  of  its  general  validity  at  the  scale  original- 
ly mapped  (1: 62,500) . 11  The  surveyors  pointed 
out  that  although  the  RES  was  conducted  rapid- 
ly, most  of  the  Piedmont  soils  had  already  been 
mapped  before  1934  and  that  these  soil  surveys 
and  maps  were  of  great  value  in  assessing  ero- 
sion damage.  For  example,  the  texture  classifica- 
tion "clay  loam"  was  often  an  eroded  phase  of  an 
original  sandy  loam,  whereas  a  "clay"  may  have 
been  a  severely  eroded  phase  (-4, 17).  Thus,  with 

11  Paul  H.  Montgomery,  Rome,  Ga.,  USDA  soil  scien- 
tist, 1931-65,  and  Dan  Searcy,  assistant  State  conserva- 
tionist, Athens,  Ga.,  USDA  soil  scientist,  1932-72.  Per- 
sonal communication. 


a  soil  survey  in  hand,  the  surveyors  had  some 
general  idea  of  erosion  conditions  before  going 
to  the  field.  Approximately  76  pet  of  the  Pied- 
mont had  been  surveyed  for  soils  by  1934.  The 
distribution  of  the  surveyed  areas  is  shown  on 
map  2. 

Another  factor  favoring  the  accuracy  of  the 
RES  was  that  a  considerable  proportion  of  the 
fields  were  bare  at  the  time  of  the  survey,  allow- 
ing the  surveyors  to  use  soil  color  as  a  rapid  cri- 
terion. Also  important  was  the  dense  road  net- 
work existing  at  that  time,  giving  the  surveyors 
good  access  and  mobility.  The  major  limitation 
of  the  RES,  rather  than  being  the  short  time  (2 
months)  allowed,  was  the  lack  of  field  experience 
among  some  of  the  younger  soil  scientists  em- 
ployed for  the  survey. 

There  is  a  chronological  problem  in  using  the 
RES  to  expand  the  data  from  the  large-scale 
surveys  (1:15,840  and  1:20,000)  that  were  com- 
pleted at  a  later  date.  This  problem  is  not  serious 
with  the  erosion  surveys  that  were  completed 
only  2  to  6  yr  after  the  RES.  The  completion 
dates  of  the  soil  surveys  were  later,  from  1949 
to  1967,  with  a  median  date  of  1958.  For  most  of 
these  areas,  however,  the  soils  had  been  surveyed 


Area  Of  Soil  Surveys 
Completed  By  1934 
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starting  in  the  late  1930's.  The  publication  of  the 
survey  actually  marks  the  completion  of  the  sur- 
vey. Still,  there  is  some  question  as  to  how  much 
erosion  occurred  between  1934  and  the  date  of  a 
survey.12 

Another  possible  problem  considered  in  using 
RES  was  the  small  scale  (1: 500,000)  of  the  pub- 
lished State  maps.  I  suspected  that  the  carto- 
graphic generalization  at  that  scale  might  have 
negated  some  of  the  validity  contained  at  the 
original  mapping  scale  (1:62,500).  By  compar- 
ing the  1: 500,000  maps  with  several  of  the  orig- 
inal 1:62,500  survey  maps  (located  in  the  Na- 
tional Archives,  Washington,  D.C.,  Record 
Group  221),  I  concluded  that  the  reduction  in 
scale  and  concommitant  generalization  did  not 
appear  to  appreciably  change  the  relative  areas 
of  each  erosion  class.  An  exception  was  the  area 
of  alluvial  deposition  along  Piedmont  streams. 
Most  of  these  narrow  valleys  could  not  be  shown 
at  1: 500,000.  Two  soil  scientists  who  were  famil- 
iar with  erosion  over  large  areas  reported  that 
the  published  RES  was  as  good  a  generalization 
of  erosion  as  could  be  made.13 1  therefore  decided 
to  expand  the  large-scale  data  already  obtained 
by  using  the  1 : 500,000  RES  maps. 


12  The  present  writer  has  made  a  study  (26)  which  in- 
dicates that  erosive  land  use  on  the  Piedmont  was  gener- 
ally declining  rapidly  by  1934  and  that  the  proportion  of 
total  erosive  land  use  occurring  after  1934  was  relatively 
small  for  most  counties.  Based  on  this  study,  it  is  this 
writer's  opinion  that  the  amount  of  erosion  occurring 
since  1934  as  compared  to  the  total  amounts  was  rela- 
tively small  for  most  areas  and  at  a  maximum  would  be 
no  more  than  10  to  15  pet  of  the  total. 

13  Stanley  M.  Robertson,  USDA  soil  scientist,  1939-72, 
and  Jackson  Bennett,  USDA  soil  scientist,  1936-65, 
Athens,  Ga.  Personal  communication. 


Because  of  the  relatively  small  scale,  it  was 
deemed  appropriate  to  use  only  six  general  ero- 
sion categories  for  purposes  of  quantification.14 
These  categories,  which  included  RES  erosion 
classes,  are  given  in  table  2. 

The  next  step  was  to  assign  depths  of  soil  re- 
moval to  each  of  these  six  categories.  That  is, 
how  much  average  soil  loss  is  represented  by 
little  or  no  erosion  (N) ,  slight  erosion  (SL) , 
etc.?  Let  N,  SL,  M,  S,  V,  and  G,  then,  be  un- 
knowns representing  the  average  depth  of  soil 
removed  for  that  category. 

As  the  first  step  toward  the  calculation  of 
these  assignations  (solving  the  unknowns),  the 
34  areas  surveyed  at  large  scale  and  for  which 
quantitative  information  had  already  been  ob- 
tained were  delineated  on  the  1:500,000  RES 
maps.  The  area  in  each  of  the  six  erosion  cate- 
gories (as  given  in  table  2)  was  measured  with 
a  polar  planimeter.  Thus,  the  RES  shows  Spar- 
tanburg County,  S.C.,  as  having  2  pet  of  its  total 
area  classified  as  little  or  no  erosion  (N) ,  11  pet 
as  slight  erosion  (SL) ,  66  pet  as  moderate  (M) , 
14  pet  as  severe  (S) ,  2  pet  as  very  severe  (V) , 
and  4  pet  as  destroyed  by  gullying  (G) .  Using 
these  proportions  as  coefficients  for  the  six  un- 
knowns, we  may  write  an  equation  for  total  soil 
loss  for  Spartanburg  County  with  a  total  area  of 
A: 


14  This  was  the  recommendation  of  Paul  H.  Montgom- 
ery and  Jackson  Bennett.  Erosion  classes  17,  18,  28,  and 
3  (table  2)  were  of  small  areal  extent.  Since,  moreover, 
these  minor  classes  did  not  appear  in  most  of  the  34 
sample  areas,  it  would  have  been  difficult  to  assign 
quantitative  parameters  to  them.  They  were  therefore 
included  in  other  similar  categories. 


Table  2. — General  categories  of  soil  erosion  selected  for  quantification  at  1:500,000 

_  ,  ,  Erosion  class  from  _     ,  , 

General  erosion  category  Symbol  RES  Symbol 


Little  or  none  N 

Slight   SL 

Moderate   M 

Severe   S 

Very  severe   V 

Destroyed  by  gullying  G 


Little  or  none   1 

Slight  sheet  erosion,  occasional  gullies  17 

Slight  sheet  erosion,  frequent  gullies  18 

Moderate  sheet  erosion   2 

Moderate  sheet  erosion,  occasional  gullies   27 

Moderate  sheet  erosion,  frequent  gullies  28 

Severe  sheet  erosion    3 

Severe  sheet  erosion,  occasional  gullies   37 

Severe  sheet  erosion,  frequent  gullies  38 

Destroyed  by  gullying    9 
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Total  soil  loss=0.02N (A)  +0.11SL (A) 
+0.66M  (A) +0.145(4) 
+0.024F(A)+0.045G(A). 

By  dividing  both  sides  of  the  equation  by  the 
total  area  (A),  we  obtain  an  equation  for  the 
average  depth  of  total  soil  loss  for  the  county: 


Average  depth 
of   total  soil 


loss=0.02AH-0.11SL+0.66M 
+0.14S+0.024V 
+0.045G. 


Recalling  that  from  data  at  a  much  larger 
scale  we  have  already  obtained  the  average 
depth  of  soil  loss  for  Spartanburg  County,  we 
may  now  write  the  complete  equation: 

0.02N+0.11SL+0.66M 
+0.14S+0.024F 

+0.045G=7.72  inches. 

Similar  equations  were  written  for  the  33  re- 
maining survey  areas.  A  set  of  34  equations  with 
6  unknowns  is  thereby  obtained. 


SOLVING  FOR  THE  UNKNOWNS 


Given  exact  quantities,  any  number  of  un- 
knowns may  be  solved  with  the  same  number  of 
equations.  In  the  equations  just  devised,  how- 
ever, varying  amounts  of  error  have  been  intro- 
duced into  both  the  right  side  of  the  equation 
and  into  the  coefficients  on  the  left  side  (errors 
in  the  survey,  in  the  reduction  of  scale,  and  in 
map  measurements) .  Thus,  there  are  no  exact 
single  values  for  the  unknowns.  Rather,  the 
values  fall  within  some  definite  limits.  Moreover, 
a  "best  fit"  value  for  the  set  of  unknowns  will, 
when  substituted  in  the  equations,  minimize  er- 
ror for  purposes  of  prediction. 

A  unique  statistical  solution  using  a  method 
related  to  least  squares  is  offered  for  these  "best 
fit"  values  (appendix) .  The  solution  is  based,  in 
large  part,  on  estimated  values  for  the  unknowns 
furnished  by  soil  scientists  familiar  with  the 
survey.15  These  were 

N=l  inch  S=  9  inches 

SL=3  inches  V=18  inches 

M=6  inches  G=36  inches 

By  using  these  values  to  set  reasonable  limits 
for  the  unknowns  (appendix)  the  "best  fit" 
values  are  (to  the  nearest  hundredth)16 


15  Jackson  Bennett,  Paul  H.  Montgomery,  Stanley  M. 
Robertson,  and  Dan  Searcy.  Personal  communication. 

16  A  problem  introduced  at  this  point  is  the  fact  that 
small  areas  of  thin  soils  occur  on  the  Piedmont  (e.g., 
Goldston  soils  in  the  slate  areas).  For  such  thin  soils,  a 
given  erosion  category  (e.g.,  severe  erosion)  would  sig- 
nify a  lesser  quantity  removed  than  from  adjacent  deeper 
soils.  Fortunately,  the  greater  part  of  the  Piedmont  is 
covered  by  soils  of  rather  similar  depth  characteristics, 
and  the  disparities  can  generally  be  ignored  at  the  small 
working  scale.  Some  error,  however,  will  occur  in  those 
areas  of  shallow  soil  such  as  some  portions  of  the  "slate 
belt."  (Jackson  Bennett,  personal  communication.) 


AT=0.00  S=  7.36 

SL=4.16  7=15.72 
M=5.90  G=39.18 

Substituting  these  values  into  the  34  equa- 
tions, we  find  that  the  predicted  values  are  with- 
in 27  pet  of  the  observed  values  (as  computed 
from  the  large-scale  surveys)  about  65  pet  of  the 
time  or  within  54  pet  of  the  observed  values 
about  95  pet  of  the  time  (appendix)  .1T 

If  the  four  obviously  worst-fitting  equations 
(table  3)  are  considered  to  be  invalid  (i.e.,  by 
assuming  that  the  areas  were  poorly  surveyed  or 
that  cartographic  errors  existed)  and  are  de- 
leted, the  predicted  values  improve  greatly. 
Then,  the  predicted  values  may  be  expected  to 
be  within  16  pet  of  the  observed  value  about  65 
pet  of  the  time,  within  33  pet  about  95  pet  of  the 
time,  and  within  49  pet  over  99.5  pet  of  the  time. 
The  prediction  error  for  each  survey  area  is  pre- 
sented in  table  3. 

Note  that  the  errors  of  prediction  range  from 
29  pet  underestimation  to  77  pet  overestimation. 
All  but  five  survey  areas,  however,  are  predicted 
within  29  pet  and  all  but  three  are  within  39  pet. 
A  spatial  array  of  these  errors  (maps  3  and  4) 
reveals  that  positive  and  negative  errors  are 
widespread;  neither  is  concentrated  in  one  State 
or  area.  This  indicates  that  the  State  surveys  op- 
erated on  a  fairly  comparable  basis.  Differences 
between  individual  surveyors  or  surveying  teams 
possibly  contributed  the  greatest  portion  of  the 
error.  One  wonders,  for  example,  if  the  extraor- 
dinarily large  overestimates  in  Newberry  and 


17  It  is  to  be  noted  again  that  the  "observed  values"  are 
subject  to  various  degrees  of  error. 
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RECONNAISANCE  EROSION  SURVEY 


EROSION  OVERESTIMATES 
I  >30% 


EROSION  UNDERESTIMATES 
~|  >30% 

§|j|  30-21% 

20-1 1  % 


Saluda  Counties,  S.C.  (77  and  73  pet, 
respectively)  are  errors  of  surveying.18 

Considering,  then,  the  RES  in  conjunction 
with  the  values  obtained  for  the  six  erosion  cate- 
gories as  a  good  estimator  of  past  erosion,  I  cal- 
culated the  average  depth  of  total  soil  erosion  for 
the  remainder  of  the  Piedmont  by  county  units. 
The  values  thus  obtained  ranged  from  1.4  inches 
for  Moore  County,  N.C,  to  19.9  inches  for  Edge- 
field County,  S.C.19 


18  A  number  of  soil  scientists  who  took  part  in  the  RES 
suspected  that  erosion  had  been  overestimated  in  Saluda, 
Newberry,  and  Edgefield  Counties,  S.C.  (P.  H.  Mont- 
gomery, personal  communication.) 

19  Only  the  Piedmont  soils  were  tabulated.  The  very 
high  figure  for  Edgefield  County  may  be  an  extension 
of  the  overprediction  for  Saluda  and  Newberry  Counties, 
which  neighbor  to  the  east.  A  soil  survey  of  Edgefield 
County  in  1935,  while  reporting  much  severe  erosion,  did 
not  indicate  the  extent  of  devastation  shown  by  the  RES. 
(F.  R.  Lesh,  W.  J.  Geib,  A.  E.  Shearin,  and  C.  H.  Winsor, 
"Soil  Survey  of  Edgefield  County,  South  Carolina," 
USDA,  Bureau  of  Soils,  1938) .  Fairfield  County,  directly 
east  of  Newberry  County,  was  found  to  have  lost  18.2 
inches.  This  may  be  no  exaggeration.  A  soil  survey  of  this 
county  in  1910  found  18.7  pet  of  the  county  to  be  so  eroded 
and  gullied  that  it  was  impossible  to  classify  the  soils. 
These  areas  were  simply  termed  "rough  gullied  land." 
(M.  E.  Carr,  G.  A.  Grabb,  R.  T.  Allen,  and  W.  C.  Byers, 
"Soil  Survey  of  Fairfield  County,  South  Carolina," 
USDA,  Bureau  of  Soils,  Field  Operations,  1911,  p.  505.) 
The  1934  RES  classified  36.1  pet  of  the  county  as  "de- 
stroyed by  gullying."  It  is  possible  that  the  proportion  of 
this  devastated  land  did,  in  fact,  increase  from  18.7  to 
36.1  pet  in  the  course  of  the  24  yr,  considering  the  erosive 
land  use  taking  place  during  those  years.  It  is  also  possi- 
ble, of  course,  that  the  RES  exaggerated  the  area  some- 
what. 


By  plotting  the  values  obtained  from  the  large- 
scale  surveys  and  the  RES,  I  drew  a  map  of  soil 
removal  (map  5) .  The  most  severe  erosion  was  in 
South  Carolina  and  the  eastern  half  of  the  Geor- 
gia Piedmont,  while  the  least  erosion  was  in  the 
outer  (eastern)  Piedmont  of  North  Carolina. 
The  average  estimated  depths  of  erosion  by  State 
are  6.8  inches  from  the  Alabama  Piedmont,  7.6 
inches  from  Georgia,  9.6  inches  from  South 
Carolina,  and  5.7  inches  each  from  North  Caro- 
lina and  Virginia.  The  average  for  the  entire 
Piedmont  is  7.1  inches,  with  a  standard  deviation 
of  2.3  inches.  In  all,  more  than  6.1  cubic  miles  of 
soil  are  estimated  to  have  been  eroded  from  Pied- 
mont slopes. 

The  erosion  figures  obtained  in  this  study  ap- 
pear reasonable  in  light  of  the  sparse  existing 
data.  For  example,  Happ  (11)  estimated  that 
the  Piedmont  valleys  of  South  Carolina  were 
filled  with  modern  erosional  debris  to  an  average 
depth  of  at  least  4  ft.  This  is  equivalent  to  an 
average  soil  removal  from  the  upland  of  3.8  inch- 
es.20 To  this  must  be  added  the  average  depth  of 
material  transported  from  the  system  as  sedi- 
ment yield,  estimated  to  be  0.3  inch  for  the  pe- 


20  Approximately  8  pet  of  the  Piedmont  is  in  bottom 
land  and  streams.  The  ratio  of  total  area  to  bottom  lands 
is  therefore  approximately  12.5 (100% -HJ%).  By  divid- 
ing the  estimated  average  depth  of  modern  sediment  (48 
inches)  by  total  land/bottom  land  ratio,  the  average 
depth  of  eroded  material  is  found  to  be  3.8  inches  (48 
inches-^12.5  =  3.8  inches) . 
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riod  of  European  occupance.21  Alluvium  plus 
sediment  yield  gives  an  equivalent  average  soil 
loss  of  4.1  inches.  If  one  then  assumes  a  40-pct 
colluvium  factor  as  reported  in  the  Lloyd  Shoals 
survey  (20) ,  the  average  total  depth  of  soil  ero- 

21  Based  on  data  reported  by  Dole  and  Stabler  (6),  the 
average  suspended-sediment  yield  from  the  South  Caro- 
lina Piedmont  was  the  equivalent  of  1.23  inches  of  lower- 
ing per  1,000  yr.  An  increase  of  25  pet  is  allowed  for  bed- 
load  giving  a  total  of  1.54  inches/1,000  yr.  Considering 
the  South  Carolina  Piedmont  to  have  been  settled  for  200 
yr,  or  one-fifth  a  millenium  at  the  time  of  Happ's  study, 
the  sediment  yield  was  assumed  to  have  been  the  equiva- 
lent of  0.3  inch  of  lowering  (1.54  inch x  1/5  =  0.3) . 


sion  is  estimated  to  be  6.9  inches.  Although  this 
is  considerably  less  than  the  9.6  inches  estimated 
by  this  study  to  have  been  eroded  from  the  South 
Carolina  Piedmont,  it  does  point  up  a  relative 
similarity  of  magnitude,  even  when  considered 
by  two  greatly  disparate  methods.22 


22  Happ's  estimate  was  a  minimum,  average.  That  is, 
the  average  depth  of  alluvial  fill  may  have  been  consid- 
erably more  than  4  ft.  (Stafford  C.  Happ,  personal  com- 
munication). Thus,  the  average  depth  of  gross  erosion  as 
estimated  from  Happ's  report  may  be  somewhat  greater 
and  therefore  more  similar  to  the  estimate  reported  by 
this  study. 


TABLE  3. — Error  resulting  from  the  reconnaisance  erosion  survey  to  predict 
average  depth  of  soil  loss  for  SU  areas  surveyed  at  large  scale 


Name 


Area1 
(mi2) 


Depth  of 
soil  loss  at 
large  scale 

(inches) 


Predicted 
depth  of 
soil  loss 

from  RES 
(inches) 


Error 


Lloyd  Shoals,  Ga.2    1,414 

Wake  County,  N.C   864 

Spartanburg  County,  S.C   832 

Anderson  County,  S.C.2   772 

York  County,  S.C   697 

Mecklenburg  County,  Va   665 

Newberry  County,  S.C   628 

Chambers  County,  Ala   598 

Iredell  County,  N.C   594 

Randolph  County,  Ala   581 

Fulton  County,  Ga   523 

Merriwether  County,  Ga   499 

Carroll  County,  Ga   495 

Charlotte  County,  Va   468 

Gwinnett  County,  Ga   436 

Alamance  County,  N.C   434 

Saluda  County,  S.C   422 

Greene  County,  Ga.2    414 

Cherokee  County,  S.C   394 

Oconee  County,  S.C   363 

Morgan  County,  Ga   357 

Prince  Edward  County,  Va.   354 

Yadkin  County,  N.C   335 

Walton  County,  Ga   330 

Nottoway  County,  Va   308 

Haralson  County,  Ga   285 

Hart  County,  Ga   257 

Forsyth  County,  Ga   243 

Habersham  County,  Ga   242 

Douglas  County,  Ga   201 

Oconee  County,  Ga   186 

Lake  Michie,  N.C.2    168 

Clarke  County,  Ga.2    124 

Reedy  Fork,  N.C.2    73 


6.70 

6.86 

-4-0,02 

4.02 

3.71 

—.08 

7.72 

7.52 

—.03 

10.16 

9.31 

— 08 

8.76 

6.50 

— 26 

4.77 

5.05 

+.06 

5.35 

9.45 

+.77 

8.49 

6.32 

—.26 

7.02 

8.08 

+.15 

6.11 

6.50 

+.06 

6.90 

6.62 

—.06 

7.34 

6.02 

— 18 

5.77 

6.63 

+.15 

6.09 

5.66 

— 07 

5.91 

6.76 

+  .14 

6.04 

5.54 

— 08 

4.26 

7.36 

+.73 

12.08 

9.96 

— 18 

8.76 

6.50 

—.26 

7.92 

8.22 

+.04 

8.34 

7.25 

— 13 

6.15 

8.57 

+  .39 

5.41 

8.51 

+.57 

6.74 

6.53 

— 03 

4.75 

5.90 

+.24 

5.00 

6.70 

+.34 

7.31 

8.37 

+.15 

8.21 

6.76 

— 14 

7.24 

5.55 

—.23 

6.01 

6.64 

+.10 

7.64 

7.60 

—.01 

5.55 

3.98 

—.28 

7.60 

8.87 

+.17 

7.76 

5.52 

— 29 

1  Area  of  Piedmont  soils  in  each  survey. 

2  USDA  erosion  surveys,  completed  1936-40.  The  remainder  are  USDA  soil  surveys, 
completed  1949-67. 


149 


AVERAGE  DEPTH  OF  TOTAL  EROSION 


>123" 


12.3-9.7 ' 


9.6-7.1' 


70-4^" 


H  4-4-'-9" 


Map  5 


^  VA. 
TENN.  /N-C- 


ala.\ga. 

[                          ^  ; 

!  V) 

/    ^1  ) 

alaW 

150 


MILES 


GENERAL  SEDIMENT-DELIVERY  RATIOS  FROM  THE  PIEDMONT 


This  study  did  not  attempt  a  detailed  consider- 
ation of  sediment-delivery  ratios.  However,  some 
small-scale  observations  may  be  in  order.  If  one 
considers  the  average  duration  of  European  set- 
tlement on  the  Piedmont  to  be  approximately  200 
yr  and  the  average  depth  of  soil  eroded  during 
that  period  of  time  as  7.1  inches,  the  total  or 
gross  denudation  rate  is  35.5  inches/1,000  yr. 
Assuming  the  sediment-yield  figures  from  Dole 
and  Stabler  to  be  essentially  correct  and  adding 


a  25-pct  bedload  factor  (estimated) ,  we  find  that 
the  sediment  yields  of  the  Piedmont  were  1.5 
inches/1,000  yr.23  Dividing  the  estimated  sedi- 
ment yields  by  the  estimated  rate  of  total  erosion 
(35.5  inches/1,000  yr),  the  overall  sediment-de- 
livery ratio  would  be  approximately  4  pet.  This 
figure  compares  very  well  with  the  sediment-de- 
livery rates  for  the  Potomac  River  of  approxi- 
mately 5  pet  cited  by  Holeman  (16) . 


CONCLUSIONS 


This  study  has  estimated  the  total  volume  of 
material  eroded  from  the  Southern  Piedmont 
during  the  period  of  European  occupance.  The 
figures  obtained,  while  being  much  greater  than 
the  frequently  cited  denudation  rates,  do  appear 
to  be  reasonable.  Spatial  differentiation  is  at 
large  enough  scale  so  that  estimates  of  regional 


volumes  or  volumes  by  watersheds  may  be  ob- 
tained. Finally,  the  erosion  figures  obtained  in 
this  study  are  considered  to  be  only  a  first  ap- 
proximation and  are  subject  to  reevaluation 
when  better  data  are  available.  Such  data  will 
come  mainly  from  additional  large-scale  soil 
surveys. 


23  The  average  sediment  yield  was  calculated  by  adding 
a  25-pct  bedload  factor  to  the  Dole  and  Stabler  sus- 
pended-load rates  for  each  major  river  and  then  weight- 
ing the  rates  by  the  relative  areas  of  the  watersheds.  It 
will  be  noted  that  the  figures  of  Dole  and  Stabler  are 
used  rather  than  more  recent  U.S.  Geological  Survey 
data.  The  reasons  are  twofold.  First,  despite  the  some- 
what poor  sampling  of  Dole  and  Stabler,  their  figures 


were  obtained  when  erosive  land  use  wTas  relatively  high. 
Second,  present  stream-load  figures  have  limited  utility 
for  computing  sediment-delivery  rates.  Many  Piedmont 
streams  are  impounded  into  large  reservoirs,  both  above 
and  at  the  fall  zone,  with  high  trap  efficiencies.  Sediment 
yields  obtaind  downstream  from  the  fall  zone  may  be 
mainly  measuring  streambed  erosion  rather  than  upland 
denudation  (24) . 
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APPENDIX 

By  David  E.  Penney1 


Statement  of  the  Problem 


Let  A,  X,  and  V  be,  respectively,  m  by  n,  n  by  1, 
and  m  by  1  matrices.  All  entries  are  real.  If  we 
write  A=(ciij),  X=(Xj),  and  Y=(vi),  \<i<m, 
\<j  <n,  then  the  matrix  equation 

A-X=V 

is  equivalent  to  the  m  linear  equations 

n 

2       a,ijXj=Vi  (l<i<m) . 
3=1 

If  m<n,  the  solution  (#,)  is  in  general  nonuni- 
que  (it  may  not  exist) ;  if  m=n,  there  is  in  gen- 
eral a  unique  solution  (although  either  existence 
or  uniqueness  may  fail) ;  if  m>n,  there  is  in  gen- 
eral no  solution  (although  there  may  be  one  or 
more) . 

In  this  appendix  we  are  concerned  with  the 
last  case,  in  which  the  system  admits  no  solution. 
Indeed,  in  the  particular  problem  under  discus- 
sion, we  are  given  the  numbers  an  and  v-,  (table 
A-l),  together  with  i  (as  when  we  refer  to  the 
ith  equation)  and  a  weight  W\  to  be  discussed  lat- 
er. 

That  the  given  system  of  34  equations  in  6 
unknowns  admits  no  solution  is  illustrated  thus: 
The  solution  of  the  six-by-six  system  consisting 
of  equations  4,  5,  9,  20,  30,  and  33  is 


189.145258 
x2=  206.103930 
x3=  13.711396 

while  if  equation  4  is  replaced  by  equation  25,  the 
solution  is 

Xi=  20.606238 
x2=— 13.465682 
x3=  4.205633 


x4=  —0.148596 
x5=  44.581977 
xG=— 479.493608 


x,=  9.745158 
x5=  27.692459 
x6=  81.654260 


Table  A-l 


l 

aii 

ai2 

°i3 

au 

ais 

ai6 

vi 

1 

73 

0.0 

0.44 

0.25 

0.3 

0.0 

0.0 

7.76 

2 

124 

.03 

.0 

.54 

.13 

.30 

.0 

8.35 

3 

168 

.09 

.80 

.11 

.0 

.0 

.0 

5.55 

4 

414 

.07 

.0 

.44 

.06 

.44 

.0 

12.08 

5 

772 

.0 

.23 

.16 

.49 

.031 

.085 

10.16 

6 

1,414 

.0 

.01 

.55 

.40 

.04 

.0 

6.70 

7 

186 

.01 

.0 

.32 

.59 

.087 

.0 

7.64 

8 

330 

.0 

.0 

.71 

.27 

.022 

.0 

6.74 

9 

357 

.02 

.0 

.72 

.16 

.103 

.005 

8.34 

10 

436 

.0 

.0 

.50 

.47 

.022 

.0 

5.91 

11 

243 

.0 

•0 

.50 

.48 

.0 

.02 

8.21 

12 

285 

.0 

.04 

.42 

.55 

.0 

.0 

5.00 

13 

495 

.0 

.0 

.50 

.50 

.0 

.0 

5.77 

14 

499 

.0 

.07 

.76 

.17 

.0 

.0 

7.34 

15 

257 

.0 

.04 

.68 

.04 

.248 

.0 

7.31 

16 

201 

.0 

.0 

.49 

.51 

.0 

.0 

6.01 

17 

242 

.06 

.0 

.94 

.0 

.0 

.0 

7.24 

18 

697 

.02 

.11 

.22 

.59 

.021 

.044 

6.65 

19 

394 

.01 

.01 

.52 

.46 

.0 

.0 

8.76 

20 

832 

.02 

.11 

.66 

.14 

.024 

.045 

7.72 

21 

363 

.0 

.13 

.41 

.24 

.222 

.0 

7.92 

22 

628 

.08 

.09 

.59 

.09 

.04 

.11 

5.35 

23 

422 

.03 

.33 

.32 

.25 

.02 

.05 

4.26 

24 

335 

.09 

.32 

.22 

.0 

.374 

.0 

5.41 

25 

594 

.04 

.17 

.40 

.21 

.175 

.0 

7.02 

26 

434 

.03 

.17 

.79 

.0 

.011 

.0 

6.04 

27 

864 

.20 

.58 

.22 

.0 

.0 

.0 

4.02 

28 

468 

.04 

.0 

.96 

.0 

.0 

.0 

6.09 

29 

354 

.0 

.0 

.73 

.0 

.271 

.0 

6.15 

30 

665 

.12 

.08 

.80 

.0 

.0 

.0 

4.77 

31 

308 

.0 

.0 

1.00 

.0 

.0 

.0 

4.75 

32 

598 

.0 

.05 

.65 

.30 

.004 

.0 

8.49 

33 

581 

.0 

.0 

.59 

.41 

.0 

.0 

6.11 

34 

523 

.0 

.0 

.51 

.49 

.0 

.0 

6.90 

Under  these  circumstances  it  would  seem  ad- 
visable to  search  for  a  solution  X=  (Xj)  that  pro- 
vides a  "best  fit"  to  all  34  equations.  The  method 
for  doing  so  is  called  a  least-squares  method,  and 
depends  on  finding  a  solution  X  to  the  problem 
of  minimizing  the  function 


m 


1  Associate  professor  of  mathematics,  Department  of 
Mathematics,  University  of  Georgia,  Athens  30602. 
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This  function  arises  from  computation  of  the 
relative  error  in  the  ith  equation, 

I71  \ 

Vir1/  , 

Vi 

which  is  then  multiplied  by  the  weight  W\  corre- 
sponding to  that  equation,  the  result  squared, 
and  the  resulting  numbers  added  for  \<i  <ra. 

There  are  two  reasonable  questions  at  this 
point.  First,  why  introduce  the  weights  W\  ?  Sec- 
ond, why  square  the  relative  error — why  not  use 
the  absolute  value,  or  the  fourth  power? 

To  answer  the  first  question,  the  numbers  Wi 
can  be  set  all  equal  to  1  if  desired;  but  in  the 
physical  problem  giving  rise  to  these  equations, 
the  weights  represent  land  areas  over  which 
measurements  were  made,  and  we  felt  it  more 
appropriate  to  include  them.  Second,  the  error 
is  squared  because  this  is  the  natural  generaliza- 
tion of  an  average — in  the  one-dimensional  case, 
the  average  A  of  the  numbers  b^,b2,b3,  .  .  .  ,  bi:  is 
the  number  A  which  also  minimizes  the  sum  of 
the  squares  of  the  "errors"  5; — A. 

In  any  case,  we  minimize  the  function  E  by 
setting  all  the  partial  derivatives  of  E  with  re- 
spect to  its  arguments  xltx2, .  .  .,xn  equal  to  zero, 
which  leads  to  the  n  by  n  matrix  equation 

B-X=U, 

where  B=  (&,•;)  and  U=(w,)  are  given  by 

7Yt  771 

h  (wk)2akjaki  (ivk)2ak; 

Oij  —  2.  ^   f     Hi  2.  _• 

When  this  technique  is  applied  to  the  given 
system  of  equations,  the  least-squares  solution 
X=(Xj)  obtained  is  as  given  below.  (The  compu- 
tations were  carried  out  in  single-  or  double-pre- 
cision accuracy  on  the  University  of  Georgia 
IBM  360/65  system  computer,  as  were  all  subse- 
quent computations.) 

Xl=—  7.929951  x4=  6.593614 

x2=  7.182307  x3=13.752226 
z3=     6.434626  zG=30.053024 

All  would  be  well  were  it  not  for  the  fact  that 
the  actual  answer  represents  inches  of  eroded 
soil,  and  the  subscripts  are  so  chosen  that  the 
values  should  get  larger  as  the  subscripts  in- 
crease. Indeed,  we  have  here  a  case  where  a  rela- 


tively naive  guess  at  the  expected  answer  is  far 
more  likely  to  be  correct  than  the  numbers  listed 
above;  the  best  estimate  for  the  solution  is 
xx=1.0  Xi=  9.0 

z2=3.0  x5=lS.O 
£3=6.0  z6=36.0 
The  reason  the  least-squares  solution  differs 
so  markedly  from  what  must  be  nearly  the  cor- 
rect solution  is  this:  The  values  an  and  Vi  are 
themselves  subject  to  considerable  experimental 
error — this,  too,  is  given  in  the  initial  problem. 
The  problem  is  this:  Given  the  initial  data,  the 
fact  that  these  data  are  subject  to  an  unknown 
error,  and  a  reasonably  good  estimate  of  the  ac- 
tual solution,  what  indeed  is  the  "most  likely 
solution"  in  some  sense  yet  to  be  made  precise? 

Analysis  of  the  Difficulty 

Given  that  the  values  of  A=  (ai;)  and  V=  (Vi) 
are  subject  to  unknown  errors,  probably  not  ex- 
ceeding 20  pet  in  most  cases,  we  ask  if  it  is  possi- 
ble to  make  small  changes  Si;  in  the  coefficients 
an  so  as  to  make  the  "guess"  X=  (1,3,6,9,18,36) 
more  nearly  fit  the  34  equations.  More  precisely, 
given  A=  (ai;)  and  V=  (v*)  as  above  and  given 
X=  (1,3,6,9,18,36) ,  do  there  exist  numbers  Si;  so 
that 

n 

2  (aij+$ij)Xj=Vi, 
3=1 

n 

2  8;y  =  0, 

n 

and  2  (Si;)2 

3=1 

is  minimized  for  l<i<lra?  (Incidentally,  the  last 
condition  turns  out  to  be  equivalent  to  the  con- 
dition that  the  sum  of  the  squares  of  all  the  mmn 
8 a  is  minimized.)  There  do  exist  such  numbers, 
and  they  are  easily  found  by  the  method  of  La- 
grange multipliers.  Note  that  the  second  condi- 
tion above  guarantees  that  the  row  sums  of  the 
matrix  A  will  remain  unchanged,  a  necessary 
condition  derived  from  the  original  problem. 

It  turns  out  that  the  values  of  most  of  the  S^- 
are  in  the  vicinity  of  0.01  or  less.  This  means  that 
small  errors  in  the  experimental  data  will  cause 
large  variations  in  the  solution  of  the  system  of 
equations,  and  this  without  even  altering  the 
values  of  the  vector  V=(Vi).  Nevertheless,  the 
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values  of  such  S,_,-  are  skewed  unlike  the  expected 
errors  in  the  experimental  measurements,  and 
there  still  remains  the  possibility  of  obtaining 
reasonably  trustworthy  estimates  in  spite  of  the 
presence  of  these  unknown  errors. 

Solution  of  the  Problem 

We  rely  heavily  on  the  fact  that  we  have  an 
initial  estimate  X,=  (1,3,6,9,18,36)  of  the  solu- 
tion. We  proceed  to  generate  a  second  estimate 
X2  in  the  following  fashion.  First  calculate  the 
relative  errors  in  the  right-hand  side  with  X,. 
Divide  these  by  10.  Reduce  the  weight  (land 
area)  of  each  equation  by  the  corresponding  per- 
centage, but  in  no  case  by  more  than  50  pet.  Find 
the  weighted  least-squares  solution  of  the  result- 
ing system  by  the  methods  of  the  first  section  of 
this  appendix.  Average  this  with  the  first  esti- 
mate, counting  the  first  estimate  29  parts  to  the 
second  estimate's  one  part.  (There  is  no  harm  in 
erring  on  the  side  of  conservatism  here.)  Adjust 
the  result  to  lie  within  reasonable  bounds: 


0<&i<  3.0 
1.0<av<  6.0 
3.0<&3<10.0 


6.0<x4<16.0 
10.0<x5<30.0 
15.0<ov<60.0 


Call  the  new  solution  vector  X2.  Try  this  solu- 
tion in  the  original  system.  In  each  equation, 
modify  the  coefficients  on  both  sides  by  1  pet  of 
the  amount  necessary  to  produce  a  better  fit. 
Keep  the  row  sums  of  the  modified  coefficient 
matrix  normalized  to  1.0.  Start  over,  thereby 
producing  X3,  X4,  X5,  and  so  on. 

We  iterated  this  process  5,000  times,  but  after 
the  hundredth  iteration  the  solution  vector  X100 
was  already  quite  close  to  the  solution  vector 
Xg.ooo  at  the  5,000th  iteration.  This  suggests  that 
the  process  is  indeed  convergent,  and  that  a  solu- 
tion X5,ooo  has  been  found  which  is  close  to  the 
least-squares  solution  of  a  system  of  equations 
obtained  from  the  original  system  by  minimal 
modifications.  The  solution  estimates  obtained 
at  various  stages  of  the  iteration  process  are  as 
follows: 


Number  of  iterations 

100 

1,000 

2,000 

5,000 

0.000 

n  nnn 

0.004 

x2 

4.150 

4.157 

X3 

5.935 

5.906 

5.905 

5.903 

X± 

7.399 

7.359 

7.358 

7.357 

15.784 

15.725 

15.723 

15.719 

X6 

38.871 

39.196 

39.193 

39.183 

We  feel  that  the  estimate  in  the  last  column  is 
reasonably  close  to  the  actual  solution. 

Evaluation  of  the  Results 

We  present  a  very  elementary  statistical  an- 
alysis of  the  "value"  of  the  solution  X5,ooo  in  the 
last  column  above.  The  above  estimate  was  used 
to  predict  the  right-hand  sides  of  the  equations 
and  the  resulting  numbers  compared  with  the 
actual  right-hand  sides.  The  percentage  error 
was  studied,  first  with  all  34  equations  used,  and 
then  with  the  worst  fitting  equations  eliminated 
one  at  a  time.  The  process  was  repeated  with  the 
initial  estimate  X,=  (1,3,6,9,18,36) .  The  results 
are  as  follows: 

Standard  deviations,  in  -percent 


Number  of 
equations 
used 


Solution  used 


L5,000 


34 

31.08 

26.93 

33 

28.62 

23.75 

32 

25.99 

20.24 

31 

23.30 

17.72 

30 

21.66 

16.48 

29 

19.87 

15.50 

Thus,  the  estimate  X5,0oo  is  clearly  a  "better" 
predictor  of  the  right-hand  sides  of  the  equation 
than  Xi.  In  addition,  if  one  is  willing  to  dispense 
with  the  four  worst-fitting  equations,  X5,0oo  will 
predict  the  right-hand  side  with  a  standard  devi- 
ation of  16.48  pet,  so  that  the  predicted  value  may 
be  expected  to  be  within  16  pet  of  the  observed 
value  about  65  pet  of  the  time,  within  33  pet 
about  95  pet  of  the  time,  and  within  49  pet  over 
99.5  pet  of  the  time. 
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STAGES  OF  DEVELOPMENT  OF  GULLIES 

IN  THE  WEST 

By  Burchard  H.  Heede1 

THE  PROBLEM 


Mountain  lands  in  the  West,  in  general,  receive 
less  intensive  use  and  management  than  agricul- 
tural croplands.  Ephemeral  gullies  on  these  lands 
carry  flows  only  at  times  of  severe  storm  or 
spring  snowmelt.  They  may  develop  in  such 
major  vegetation  zones  as  desert,  grass  and 
brush  lands,  and  open  forests  such  as  pinon-juni- 
per  and  ponderosa  pine  types. 

This  discussion  is  based  on  research  from  the 
eastern  and  western  flanks  of  the  Colorado 
Rocky  Mountains,  as  well  as  observations  in  New 
Mexico,  Arizona,  Nevada,  and  California.  An  at- 
tempt will  be  made  to  relate  the  development  and 
morphology  of  ephemeral  gully  systems  to  stages 
of  development.  Present  gully-classification  sys- 


land  manager  who  is  confronted  with  problems 
of  priorities  in  gully  control,  erosion  rates,  and 
sediment  yields.  Gullies  not  only  develop  from 
discontinuous  channels,  but  probably  change 
with  time  as  part  of  general  landscape  evolution 
from  youthful  to  old-age  stages.  As  in  landform 
development,  these  changes  may  cause  substan- 
tial differences  in  erosion  rates  and  sediment 
yields.  Unfortunately,  scarcity  of  data  does  not 
provide  for  the  thorough  understanding  of  gully 
processes  that  are  basic  to  a  definition  of  gully- 
development  stages.  Once  we  can  describe  gullies 
quantitatively  in  terms  of  stages  of  development, 
decisionmaking  in  land  and  water  management 


terns  do  not  yield  sufficient  information  for  the      will  be  substantially  improved. 

HISTORY 


Gullies  occur  throughout  the  West  in  many 
different  vegetation-soil  complexes.  But  gullies 
are  not  often  found  on  sites  that  support  a 
healthy,  dense  vegetation  cover,  except  where 
they  invade  from  adjacent  land.  Gullies  are  rare- 
ly found  in  the  well-forested  subalpine  region  of 
eastern  Colorado  or  in  the  oak  brushlands  of 
western  Colorado.  The  ground  surface  of  the  lat- 
ter is  covered  by  humus,  litter,  and  herbaceous 
vegetation  such  as  Thurber  fescue,  and  infiltra- 
tion rates  are  nearly  5  times  as  high  as  for  near- 
by sagebrush  sites  where  gullies  are  abundant, 
according  to  data  collected  by  the  Rocky  Moun- 
tain Forest  and  Range  Experiment  Station. 

It  appears  to  be  fairly  well  established  that 
many,  if  not  most,  of  our  present  gully  systems 
began  their  development  or  were  reactivated  in 
the  last  quarter  of  the  last  century,  when  popula- 
tion increases  in  the  West  led  to  an  abrupt  in- 
crease in  grazing.  Resulting  depletion  of  the  cov- 
er, coupled  with  droughts  followed  by  abnormal- 


1  Hydraulic  engineer,  Rocky  Mountain  Forest  and 
Range  Experiment  Station,  Forest  Service,  U.S.  Depart- 
ment of  Agriculture.  Central  headquarters  located  at 
Fort  Collins  in  cooperation  with  Colorado  State  Univer- 
sity. Author  is  located  at  Tempe,  in  cooperation  with  Ari- 
zona State  University. 


ly  frequent,  large,  high-intensity  storms,  trench- 
ed many  valley  floors.  We  also  know  that  soil  ero- 
sion, including  gully  formation,  accelerated  dur- 
ing the  great  drought  of  the  1930's,  when  an  eco- 
nomic depression  forced  the  population  to  rely 
heavily  on  the  products  of  the  land,  with  result- 
ing overuse. 

More  recently,  Loyd  Barnett,  of  Forest  Serv- 
ice Region  3  at  Albuquerque,  studied  the  develop- 
ment of  a  gully  system  on  the  Cibola  National 
Forest  near  Magdalena,  western  New  Mexico. 
Using  aerial  photographs  and  ground  checks,  he 
determined  that  the  gully  system  on  the  Silver- 
hill-Montosa  watershed,  26.6  mi2  in  area,  had  16 
mi  of  gullies  in  1936.  In  1963,  27  yr  later,  the  sys- 
tem had  increased  by  68  mi  (425  pet) .  During  the 
observation  period,  no  new  gullies  formed.  In 
contrast,  aerial  photographs  indicated  that  dur- 
ing the  same  27  yr,  all  gullies  on  the  Monica  wa- 
tershed of  the  Cibola  National  Forest2  (total 
length  7.6  mi)  developed  after  1936.  These  fig- 
ures illustrate  what  we  all  know — gullying  is 
still  active  on  our  watersheds. 


2  Barnett,  Loyd.  1965.  Monica  watershed  condition 
survey,  San  Mateo  Ranger  District,  Cibola  National  For- 
est. Open-file  report,  Region  3,  Forest  Service,  U.S.  De- 
partment of  Agriculture,  Albuquerque,  N.  Mex. 
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Gullies  have  been  classified  as  continuous  or 
discontinuous  (7).3  They  are  strikingly  differ- 
ent in  appearance.  Continuous  gullies  begin  their 
downstream  course  with  many  small  rills,  while 
discontinuous  gullies  start  with  an  abrupt  hear* 
cut.  The  headcut  of  the  discontinuous  gully  may 
be  located  at  any  position  on  the  slope  of  a  hill- 
side, while  a  continuous  gully  always  starts  high 
up  on  the  mountainside  and  continues  its  course 
down  to  the  main  valley  floor.  The  discontinuous 
gully  may  intersect  the  surface  of  the  slope  at 
any  point,  and  thus  be  terminated. 

After  coalescence  of  many  fingerlike  rills,  the 
continuous  gully  soon  attains  relatively  great 
depth.  It  maintains  approximately  the  same 
depth  until  the  lowest  reach  above  the  gully 
mouth  is  approached,  where  depth  decreases 
quickly  along  a  concave  profile  that  terminates 
at  the  gully  mouth.  A  discontinuous  gully  rapidly 
decreases  in  depth  downstream  and  thus  devel- 
ops a  gully  bottom  gradient  much  gentler  than 
that  of  the  original  valley  floor.  Where  the  gradi- 
ents intersect,  a  sediment  fan  is  built.  There,  a 
new  gully  may  begin  with  a  headcut.  Discontinu- 
ous gullies  (fig.  1)  generally  occur  in  series  along 
the  length  of  the  drainageway  (2). 

Discontinuous  gullies  develop  into  continuous 
gullies.  Although  we  did  not  observe  the  develop- 
ment of  a  continuous  gully  from  a  continuous 
channel,  such  a  possibility  cannot  be  dismissed. 
We  all  may  have  seen  the  formation  of  a  continu- 
ous rill  on  a  recent  road-cut  slope  during  a  storm. 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 


Figure  1. — The  continuous  and  discontinuous  systems  of 
the  Nursery  Gully  at  Manitou  Experimental  Forest. 


Yet  at  present,  from  our  knowledge  of  processes, 
it  is  not  clear  when  a  rill  becomes  a  gully. 

The  lormation  of  discontinuous  gullies  is 
easier  to  comprehend  than  that  of  continuous 
gullies.  Locally  lowered  resistance  to  erosion  by 
grazing,  trampling,  fire,  or  other  agents  can  lead 
to  the  formation  of  an  initial  furrow,  scarplet,  or 
small  basin.  Subsequent  storms  cause  the  head  of 
the  initial  erosion  feature  to  progress  up-valley, 
while  at  its  toe  a  small  fan  develops.  As  soon  as  a 
channel  exists,  a  vertical  headcut  is  formed.  Con- 
centration of  water  in  the  trench  reduces  chan- 
nel storage  and  thus  increases  peak  flows.  These 
peaks  are  much  larger  than  those  of  the  former 
ungullied  valley  floor.  Larger  peak  flows  have 
greater  velocities  and  cutting  power,  and  the 
severity  of  the  gullying  processes  is  thus  in- 
creased. 

Several  case  histories  document  how  discon- 
tinuous gullies  fuse  to  form  one  large,  continuous 
channel.  For  example,  the  Nursery  gully  system, 
on  the  Manitou  Experimental  Forest  in  the  Colo- 
rado Front  Range,  still  consists  of  both  types  of 
gullies.  The  headwater  part  of  the  system  in- 
cludes several  discontinuous  channels,  located  on 
the  main  drainage  but  separated  by  ungullied 
stretches  and  alluvial  fans.  A  continuous  channel 
system  forms  the  downstream  part  of  the  Nur- 
sery gully.  In  its  upper  reach,  coalescence  is  still 
visible,  indicated  by  a  rapid  succession  of  pro- 
nounced channel  nick  points  that,  judged  by  gully 
depth  and  gradient  development,  represent  fused 
discontinuous  gullies.  The  nick  points  are  0.5  to 
1.5  ft  deep.  Gully  depth  decreases  from  the  first 
nick  point  to  the  lip  of  the  second  downstream, 
increases  abruptly  below  the  second  nick  point, 
and  loses  this  increase  rapidly  again  at  the  lip  of 
the  third  nick  point.  This  development  is  repeat- 
ed several  times  until  the  channel  depth  reaches 
4  to  5  ft,  the  average  depth  of  the  continuous  sys- 
tem (4). 

Two  gullies  of  the  discontinuous  Nursery  sys- 
tem were  selected  to  test  whether  fusion  of  dis- 
continuous gullies  is  part  of  the  mechanics  of 
gully-system  development  and  to  investigate  the 
conditions  that  lead  to  gully  fusion  (3) .  At  the 
beginning  of  the  investigations,  one  gully  was 
286  ft  long  and  had  an  average  gradient  of  0.07. 
A  headcut  (4  in  fig.  2),  2.4  ft  deep,  marked  the 
upper  end  of  the  gully;  and  alluvial  fan  termi- 
nated the  gully  on  the  undissected  drainageway. 
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  gully  profile  on  9.4-1959  g„llr  profile  on  8-31-1961 

-       -        -  7-8-1961  -        -       -  7-10-1963 

— -    -  8-13-1961  -        -       -  8.4.1963 

Figure  2. — The  longitudinal  gully  profiles  before  and 
after  the  five  flow-causing  storms  illustrate  the  de- 
velopment and  fusion  of  headcuts  3  and  4. 

Another  discontinuous  gully,  37  ft  long,  was  lo- 
cated immediately  upstream.  It  started  with  a 
2-ft  headcut  (3  in  fig.  2) ,  had  an  average  gradi- 
ent of  0.06,  and  ended  on  the  softly  swaled  drain- 
age a  few  feet  above  the  headcut  of  the  lower 
channel.  During  2  yr  of  a  7-yr  observation  pe- 
riod, the  lower  gully  advanced  its  headcut  by  42 
ft,  incorporating  fully  the  smaller  upstream  gul- 
ly (table  1).  During  this  upstream  progression, 
the  headcut  increased  from  an  original  depth  of 
2.4  ft  to  6.3  ft,  and  the  new  fused  channel  at- 
tained a  capacity  more  than  twice  the  combined 
original  gully  capacities. 

Upstream  extension  of  discontinuous  gullies 
does  not  always  proceed  by  headcutting  alone. 
Up-valley  enlargement  of  discontinuous  gullies 
can  be  accelerated  by  soil  piping  upstream  from 
headcuts  (8).  These  pipes  may  extend  for  a  dis- 
tance of  several  hundred  feet  into  the  ungullied 
alluvium.  Collapse  of  the  tunnels  rapidly  extends 
the  gully. 

Where  soil  pipes  are  caused  by  high-sodium 
soils  and  other  factors,  gully  stabilization  proc- 
esses may  be  enhanced  (5) .  On  our  Alkali  Creek 


study  area  in  western  Colorado,  pipes  occurring 
in  the  gully  banks  extended  not  more  than  30  ft 
from  the  brink  of  the  gully.  The  piping-gully  side 
slopes  shear  off  repeatedly  during  rains  and  pe- 
riods of  heavy  snowmelt,  leaving  nearly  vertical 
walls.  The  soil  masses  are  deposited  on  the  oppo- 
site side  slope,  and  force  future  gully  flows 
against  the  piping  bank.  This  leads  to  under- 
cutting of  the  piping  side  slope,  and  results  in 
more  bank  cleavage.  With  time,  the  thalweg  mi- 
grates away  from  the  deposition  side  slopes,  and 
it  appears  that  these  slopes  become  stable. 
Growth  of  vegetation  on  the  deposition  slopes  is 
favored  by  increased  soil  moisture.  More  water 
will  infiltrate  into  the  slopes  because  of  the  gent- 
ler gradient  formed  by  the  deposits. 

The  soluble  salts,  a  large  proportion  of  which 
are  sodium,  may  also  be  leached  more  easily  from 
the  soils  after  mechanical  disturbance.  As  sodi- 
um is  leached  from  the  soil  (fig.  3) ,  the  pH  will 
decrease  and  calcium  will  be  more  soluble  and 
available  for  plant  growth.  While  the  leaching  of 
sodium  undoubtedly  benefits  the  establishment 
of  vegetation  because  the  osmotic  pressure  in 
the  soils  decreases  with  salt  concentration,  cal- 
cium made  available  by  the  plants,  in  turn,  will 
speed  the  leaching  processes.  Thus,  gully  side 
slopes  stabilize  rapidly,  once  plants  become 
established. 

The  topography  lining  the  Alkali  Creek  gul- 
lies, with  its  sodium-soil  pipes,  developed  from 
young  karstlike  to  a  mature  and  old-age  karst- 
like  landform.  According  to  Beede,  as  quoted  by 
Thornbury  (10),  the  stages  of  karst  development 


Table  1. — Storms,  flows,  and  erosion  in  the  gullies  beloiv  headcuts  3  and  U 

 Storms   Inches  of  Flow  Headcut 

Maximum  intensities  precipitation  in  instan-  progression 

^  ^                 Total  Duration                (inches/h)  periods  prior  to  flow  taneous  upstream  (ft) 

(inches)    (min)          5-min    10-min   15-min  _  ,                ,  ,  peak1 

period  period    period  5  days           1  day  W/W  No.  3       No.  4 

July   7,  1961               1.07  28  4.80  3.60  2.88  0.50  0.08  16  0  7.5 

Aug.  12,  1961   39  38  3.84  1.92  1.28  .89  .22  ...            .3  19.3 

Aug.  30,  1961   39  16  2.04  1.68  1.20  .23  .12  8  1.5  1.1 

July   9,  1963   87  50  3.36  2.82  2.20  .08  .08  ...  ...  11.1 

Aug.  3, 1963               1.77  53  4.20  2.82  2.20  .19  .17  4  ...  2.6 

Total   41.6 


1  Although  these  figures  were  calculated  to  the  nearest  cubic  foot  per  second,  they  should  be  regarded  as  approxima- 
tions since  certain  simplifying  assumptions  were  made.  Flows  in  headcuts  3  and  4  were  assumed  to  be  the  same  because 


of  the  short  distance  between  them. 
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Figure  3. — Conductivity  and  exchangeable  sodium  per- 
centage related  to  age  of  soil  dump. 


are  characterized  as  follows:  youth,  the  begin- 
ning of  diversion  of  surface  drainage  to  subter- 
ranean routes  (  development  of  soil  pipes) ;  ma- 
turity, well-developed  underground  drainage 
(pipes)  with  only  major  entrenched  streams 
persisting  as  surface  streams  (gullies) ;  and  old 


age,  the  beginning  of  return  to  surface  drainage 
(collapse  of  pipes) . 

In  summary,  the  observed  processes  indicate 
that  discontinuous  gullies  represent  a  youthful 
stage  in  gully  development.  Pronounced  changes 
in  channel  width  and  bed  slope  as  well  as  chan- 
nel headward  extension,  leading  to  gully  fusion, 
take  place  during  the  transformation  to  a  con- 
tinuous gully.  No  case  history  found  in  the  litera- 
ture shows  that  discontinuous  gullies  were  not 
required  for  the  development  of  a  continuous 
gully. 

The  early  stage  of  a  continuous  gully,  charac- 
terized by  the  occurrence  of  nick  points  on  the 
channel  bottom,  can  be  termed  the  early  mature 
stage  of  development.  Unless  naturally  con- 
trolled such  as  bedrock  outcrops,  the  disappear- 
ance of  nick  points  would  indicate  that  a  gully 
has  attained  its  equilibrium  slope.  This  in  turn 
is  an  indicator  that  the  gully  is  in  dynamic  equi- 
librium (1) ,  also  termed  a  stream  at  grade  (9). 
Mature  development  would  be  an  appropriate 
term  for  this  type  of  gully.  Our  study  areas  sup- 
port gullies  approaching  this  stage,  but  the  gul- 
lies could  not  be  clearly  defined  as  mature.  The 
Nursery  gully  bottoms  still  exhibited  some  minor 
nick  points,  not  controlled  by  bedrock,  that  pos- 
sibly indicated  the  transition  from  the  early  ma- 
ture to  the  mature  stage  of  development. 


MORPHOLOGY 


If  the  postulate  is  correct  that  discontinuous 
and  fused  gullies  represent  youthful  and  early 
mature  stages  of  development,  respectively,  a 
comparison  betv  !en  gully  and  river  characteris- 
tics should  show  differences  because,  generally, 
rivers  are  in  a  mature  or  old-age  stage  of  devel- 
opment. Their  hydraulic  geometry  is  character- 
ized by  a  well-developed  stream  net,  a  concave 
longitudinal  profile,  and  a  shape  factor  repre- 
senting stream  competence.  We  investigated 
these  parameters  in  17  gullies  located  on  Alkali 
Creek  watershed,  on  the  western  flank  of  the 
Colorado  Rocky  Mountains  (4) .  Horton's  stream 
order  analysis  as  modified  by  Strahler  was  ap- 
plied (fig.  4) .  Since  a  large  percentage  of  the 
watershed  area  was  located  uphill  from  the  gully 
system,  it  could  not  be  assigned  to  individual 
channels.  If  the  large  headwater  area  were  re- 
lated to  the  first-order  streams,  the  resulting  re- 
lationship between  orders  and  respective  areas 
would  contrast  sharply  with  general  experience 


on  rivers.  Nearly  67  pet  of  the  area  of  this 
fourth-order  basin  would  be  drained  by  first-or- 
der streams.  In  fourth-order  river  basins  of  vari- 
ous sizes  in  the  United  States,  the  average  drain- 
age area  of  first-order  streams  is  about  1  pet 
(8).  The  Alkali  gully  system  was  still  in  the 
process  of  enlargement  toward  headwaters,  as 
indicated  by  active  headcuts  at  the  upstream 
terminals  of  the  individual  branches.  Thus  the 
area  drained  by  the  first-order  streams  will  de- 
crease with  time  and  stage  of  development. 

Investigations  of  the  longitudinal  gully  pro- 
files showed  that  their  concavity  was  too  weak 
to  be  expressed  by  curvilinear  equations;  linear 
equations  gave  strong  correlations.  Although  the 
problem  of  delineating  trends  in  gullies  is  not 
basically  one  of  statistics,  because  samples  are 
not  at  random  if  derived  from  a  given  gully,  the 
coefficient  of  determination  (r-)  was  used  to 
test  the  validitv  of  the  linear  relationships  be- 
tween thalweg  elevation  and  thalweg  length.  All 
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Figure  4. — The  headwaters  of  the  main  gully  on  the 
Alkali  Creek  watershed  demonstrate  a  youthful 
stage  in  the  development  of  a  drainage  net  of  gullies. 

prediction  equations  for  the  gully  profiles  had 
extremely  high  r2  values:  from  0.92  to  1.00. 
Close  examination  of  the  resulting  profiles  re- 
vealed, however,  that  the  lowest  reach  did  not 
pass  through  the  point  of  origin  (fig.  5) .  At  a 
distance  of  0.3  to  11.7  pet  of  the  total  gully  length 
(average  2.7  pet) ,  the  actual  relations  between 
elevation  and  distance  were  curvilinear.  This 
conformed  with  the  actual  gully  profiles,  which 


Figure  5. — Stream  profile  and  regression  line  of  gully  4 
appear  to  be  identical  on  the  scale  of  graph  A. 
Change  in  scale  by  a  factor  of  10  (graph  B)  shows 
that  the  stream  profile  is  concave. 


were  slightly  concave  in  the  lowest  reach.  In  con- 
trast, rivers  show  a  pronounced  concavity. 

The  shape  factor,  relating  maximum  to  mean 
depth,  expresses  channel  shape.  This  parameter 
must  be  interpreted  cautiously,  however,  be- 
cause it  can  relate  to  a  variety  of  unusual  gully 
cross  sections.  Mean  depth  is  the  cross-sectional 
area  divided  by  the  bank-full  channel  width.  The 
shape  factor  of  Alkali  Creek  research  gullies  was 
relatively  high  (average  2.0),  representing  a 
cross  section  with  a  large  wetted  perimeter  that 
in  turn  indicates  hydraulic  inefficiency  of  the 
channels.  Rivers  in  dynamic  equilibrium  have  an 
average  shape  factor  smaller  than  2.0  (6)  and 
thus  a  greater  hydraulic  efficiency. 

Gullies  and  rivers  exhibit  great  differences  in 
stream  net,  profile,  and  shape  factor.  Since  gul- 
lies are  more  recently  formed  than  rivers,  the 
tested  hydraulic  parameters  of  gullies  express 
juvenile  stages  of  development,  which  we  termed 
youthful  and  early  mature.  The  comparison  of 
gullies  with  rivers  suggests  that  gullies  must  ma- 
ture before  more  stable  conditions  can  be 
achieved.  The  ungullied  headwater  area  of  our 
study  watershed  will  be  gullied,  therefore,  before 
a  mature,  developed  stream  net  is  established. 
Greater  hydraulic  eificiency  must  be  attained, 
represented  by  a  change  in  the  gully  shape  fac- 
tor. This  change  will  be  achieved  by  increases  in 
width  and  bed  slope. 


SEDIMENT  PRODUCTION  AND  YIELD 


It  can  be  postulated  that  sediment  production 
is  usually  highest  in  the  youthful  (discontinu- 
ous) stage  of  gullies.  Discontinuous  gullies  have 
appreciable  depth,  but  limited  width,  and  a  flat 
gradient.  Immediately  downstream  from  the 
plunge  pool,  located  below  the  lip  of  the  headcut, 
channel  deposition  occurs  since  more  sediment 
is  available  than  can  be  carried  through  the 


reach.  Thus,  in  contrast  to  rivers,  the  gully  can 
adjust  its  bed  slope  more  rapidly  than  its  width 
in  response  to  changes  in  flow  and  sediment. 

During  the  development  of  the  discontinuous 
gully,  lateral  cutting,  sloughing,  and  shearing 
off  of  vertical  gully  banks  increase  gully  width, 
resulting  in  shallower  cross  sections  for  a  given 
discharge.  To  transport  the  sediment  at  a  given 
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discharge,  necessary  increases  in  velocity  will  be 
achieved  by  steepening  of  the  bed  slope,  leading 
to  gully  extension  and  the  formation  of  a  contin- 
uous gully. 

The  possibilities  for  channel  extension  and 
gradient  increase  are  more  limited  in  continuous 
than  in  discontinuous  gullies.  Generally,  they  ex- 
tend from  headwater  to  the  main  valley  floor, 
and  have  a  gradient  close  to  that  of  the  original 
drainageway.  It  follows  that,  under  given  con- 
ditions, erosion  rates  are  greatest  during  the 
transition  stage  from  discontinuous  to  contin- 
uous gully,  i.e.,  from  the  youthful  to  the  early 
mature  stage  of  development. 

Rates  of  sediment  production  during  an  indi- 
vidual flow  event  depend  not  only  on  the  stage  of 
gully  development,  but  also  on  the  stability  of 
the  gully  at  the  time  of  the  flow.  The  importance 
of  stability  was  investigated  in  a  7-yr  study  of 
the  Nursery  gully  system,  where  five  storms, 
during  a  span  of  3  yr,  fused  two  individual  dis- 
continuous gullies  (3) .  Of  these  storms,  only  two 
had  a  magnitude  larger  than  1  inch  (1.07  and 
1.77  inches) ,  and  two  were  small,  producing  0.39 
inch  each  in  38  min  and  16  min,  respectively 
(table  1).  The  largest  sediment  producer,  how- 
ever, was  the  0.39-inch  storm  of  16-min  duration. 
It  had  the  lowest  intensity  of  all  the  storms,  but 
produced  the  second  highest  peak  flow.  This 
largest  sediment-producing  storm  (the  third 
storm  of  the  year)  followed  storms  8  weeks  and 
2  weeks  earlier,  which  had  left  the  gully  in  a  raw, 


unstable  condition,  marked  by  overhanging 
banks. 

It  appears  that,  in  ephemeral  gullies,  sediment 
loads  are  often  more  closely  related  to  time  and 
duration  of  flow  than  to  magnitude  of  flow,  the 
normal  relationship  for  rivers  (table  2).  Thus, 
in  main  gully  B,  on  April  15,  a  flow  discharge  of 
79  ft3/s  carried  a  suspended  sediment  concentra- 
tion of  63,855  p/m  which  represented  a  load  of 
316  lb/s.  The  next  day,  the  flow  increased  to  107 
ft3/s,  but  had  a  concentration  of  35,134  p/m  and 
a  load  of  only  235  lb/s.  This  behavior  can  be  ex- 
plained by  the  availability  of  sediment.  If  gullies 
experience  a  long  period  without  flow,  large 
quantities  of  sediment  may  be  deposited  in  the 
channel  by  bank  sloughing  and  similar  processes. 
When  the  first  flow  occurs  after  such  a  period, 
much  sediment  is  readily  available  for  transport. 
As  the  flow  continues,  sediment  becomes  less 
easily  available  and  the  load  decreases,  some- 
times so  drastically  that  the  flow  eventually  ap- 
pears clear  to  the  casual  observer. 

The  examples  illustrate  the  difficulties  in  pre- 
dicting sediment  production  and  yield  for  early 
stages  of  gully  development.  It  can  be  postulated 
that,  once  a  gully  achieves  the  mature  stage — 
dynamic  equilibrium — prediction  equations  will 
be  meaningful,  unless  a  new  set  of  conditions, 
brought  about  by  climatic,  orographic,  land  use, 
or  other  changes,  requires  adjustment  of  the 
streambed.  This,  of  course,  is  true  also  for  rivers. 


Table  2. — Suspended-sediment  samples  from  ephemeral  gully  floivs  on  Alkali  Creek  ivatershed, 
Colorado  Rocky  Mountains,  in  196U.  The  flows  caused  by  snowmelt  ivere  preceded  by  a  dry- 
channel  period  of  1  yr. 


Flow 


Sampling: 
station 


Watershed 
area 
(mi*) 


Date 


Average  Discharge 
velocity  rate 
(ft/s)  (ftVs) 


Concentration 
(p/m) 


Sediment 


Discharge 
(lb/s) 


Composition  (pet) 
Sand     Silt  Clay 


Gully  3   0.2    Apr.  16 


•  2.4 


Do   

Main  gully  A 

Do   

Do   

Do   

Main  gully  B 

Do   

Do   

Do   


•  .2  Apr.  29  1.8 

•  1.1  Apr.  14  1.1 

■  1.1  Apr.  16  1.3 

.  1.1  Apr.  28  1.8 

■  1.1  May  26   1.1 

•  10.4  Apr.  15  4.9 

•  10.4  Apr.  16  6.5 

•  10.4  Apr.  29  3.3 

■  10.4  May  26   1.4 


7.1 
.6 
8.2 
19.5 
6.6 
.6 
79.4 
107.2 
35.1 
1.1 


35,706 
12,402 
20,766 
13,432 

4,499 
19 
63,855 
35,134 

4,628 
12 


15.8 
.5 
10.6 
16.3 
1.9 
.0007 
316.4 
235.0 
10.1 
.0008 


12.9 
7.5 
1.5 
2.5 
5.9 

34.1 
51.4 
17.3 


53.4 
54.6 
57.9 
62.3 
63.5 

45.1 
24.9 
73.8 


33.7 
37.9 
40.6 
35.2 
30.6 

20.8 
23.7 
8.9 
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CONCLUSION 


Gully  development  should  be  recognized  in 
terms  of  landform  evolution,  proceeding  from 
youthful  to  old-age  stages.  In  this  study,  youthful 
and  early  mature  stages  of  gully  development 
were  defined;  development  to  the  early  mature 
stage  coincides  with  the  transformation  of  dis- 
continuous into  continuous  gullies.  Comparison 
of  hydraulic  geometry  of  gullies  with  that  of  riv- 
ers suggests  that  the  mature  stage  should  be 
characterized  by  dynamic  equilibrium.  Although 
this  stage  was  approached  by  some  study  gullies, 
its  existence  could  not  be  verified.  Gully  develop- 
ment is  not  controlled  by  waterflow  alone,  how- 


ever. In  ephemeral  gullies,  vegetation  grown  dur- 
ing dry  channel  periods  can  exert  major  influ- 
ences. Criteria  for  the  mature  gully  stage  may, 
therefore,  not  be  given  by  stream  equilibrium 
alone,  but  may  include  other  aspects  of  stability 
such  as  channel  vegetation. 

Because  insufficient  data  are  available  on 
stages  of  gully  development,  gullies  cannot  be 
quantified  in  terms  of  gully  mechanics  and  mor- 
phology. Watershed  managers  would  have  a  use- 
ful tool  if  gully  stages  could  be  expressed  in 
terms  of  erosion  rates  and  sediment  yields. 
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MECHANISMS  OF  EROSION 
AND  SEDIMENT  MOVEMENT 
FROM  GULLIES 

By  R.  F.  Piest,  J.  M.  Bradford,  and  R.  G.  Spomer- 

INTRODUCTION 


Gully  erosion  occurs  in  most  locations  where 
an  erodibie  soil  mantie  is  exposed  to  concentrated 
runoff  from  rainfall,  melting  snow,  or  both.  The 
identifying  characteristic  of  an  active  gully  is  an 
erosional  scarp,  usually  steep-sided  and  several 
feet  high.  Gullies  can  form  continuous  or  inter- 
mittent channels.  In  the  Central  States  they  may 
occur  on  the  perimeter  of  upland  fields  and  ac- 
tively advance  into  the  fields.  Many  of  the  gullies 
in  northern  Mississippi  lack  drainage  areas 
above  the  gully  scarp,  but  are  eroded  by  rainfall, 
runoff,  and  associated  weathering  forces  occur- 
ring on  the  gully  itself.  By  contrast,  valley  head 
gullies  (sometimes  called  valley  trenches)  of  the 
Great  Plains  and  arid  regions  of  the  Western 
United  States  are  often  located  on  ephemeral 
streams  that  drain  large  areas. 

Peterson3  and  other  early  researchers  dis- 
cussed causes  for  the  formation  of  gullies  in  val- 
leys of  the  Central  and  Western  United  States. 
The  term  "accelerated  erosion"  was  used  be- 
cause land  use  (misuse)  caused  by  tilling,  live- 
stock grazing,  roadbuilding,  and  other  activities 


of  man  was  widely  believed  to  be  an  important 
iactor  aiiectmg  gully  erosion  rates.  The  cyclic 
theory  of  guilymg  was  also  widely  accepted. 
Geologists  have  noted  at  many  locations  that 
some  present-day  gullies  are  eroding  in  drain- 
ageways  that  were  previously  eroded  and  filled 
because  of  climatic  changes  or  other  disturb- 
ances to  the  hydraulic  regime  in  the  geologic 
past.  Although  both  explanations  are  plausible, 
perhaps  the  only  benefits  from  studies  showing 
the  historical  and  geologic  progressions  of  gullies 
would  be  estimates  of  changes  in  runoff  regime 
and  gully  hydraulic  geometry  associated  with 
channel  metamorphosis. 

Mechanisms  affecting  gully  erosion  in  one  re- 
gion may  not  be  similarly  operative  in  another 
region.  Studies  at  the  North  Central  Watershed 
Research  Center  primarily  concern  valley  head 
gullies  draining  field-size  areas  in  the  Missouri 
Valley  deep  loess  region.  In  this  report,  we  dis- 
cuss the  sediment  movement  from  four  of  these 
gullies  and  explore  the  mechanisms  that  seem  to 
affect  gullv  erosion  rates. 


THE  STUDY  AREA 


The  depth  of  the  erodibie  loess  mantle  overly- 
ing glacial  till  in  the  Missouri  Valley  decreases 
with  distance  from  the  river.  In  the  Agricultural 
Research  Service  study  area  near  Treynor,  Iowa, 


1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Iowa 
Agriculture  and  Home  Economics  Experiment  Station. 

2  Hydraulic  engineer  and  soil  scientist,  North  Central 
Watershed  Research  Center,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Columbia,  Mo. 
65201,  and  agricultural  engineer,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Council  Bluffs, 
Iowa  51501. 

3  Peterson,  H.  V.  1950.  The  problem  of  gullying  in 
Western  valleys.  In  Trask,  P.  D.  (ed.) ,  Applied  Sedimen- 
tation, pp.  407-433.  John  Wiley  and  Sons,  New  York. 


162 


the  loess  cap  is  more  than  80  ft  thick  on  ridges 
and  thins  to  about  15  ft  in  the  valleys.  In  this 
rolling  countryside,  land  slopes  vary  from  less 
than  4  pet  along  ridges  and  valleys  to  about  15 
pet  on  hillsides.  Deep  gullies  in  the  valleys  are 
generally  incised  to,  or  slightly  into,  the  till.  Be- 
cause the  loess  soil  has  a  moderate  percolation 
rate  and  the  underlying  till  is  relatively  imper- 
meable, a  saturated  zone  occurs  above  the  loess- 
till  interface  and  causes  seepage  from  channel 
banks.  The  effect  of  this  seepage  on  gully  stabil- 
ity has  been  the  subject  of  much  conjecture.  The 
four  study  watersheds  and  outlet  drainageways 
are  described  in  table  1. 


Table  1. — Watersheds  and  outlet  gullies  near  Treynor,  Iotva 


Watershed  Outlet  drainageway 


Scarp 


Size 

No.    .  . 
(acres) 

Crop 

Treatment 

Condition 

Distance  to 
measuring 
weir  (ft) 
1965  1972 

Pnllir 

bank 
condition 

"f               HA  K 

Corn  

•  •  r leld 

Advancing 

260 

420 

Eroding. 

contoured. 

and  raw. 

O              OO  Q 

z  sZ.o 

Corn  

•  •  r  leld 

Nonadvancing, 

690 

700 

Eroding. 

contoured. 

raw,  and 

chutelike. 

3  107 

Bromegrass-  • 

■  ■  Rotation 

Stepped  

•  .700 

700 

Mostly 

grazed. 

stable. 

4  150 

Corn  

. .  Level 

Stepped  

•  •850 

850 

Stable. 

terraced. 

INSTRUMENTATION  AND  MEASUREMENTS 


Gully  erosion  rates  are  measured  by  several 
procedures.  Planimetric  mapping  from  low-alti- 
tude aerial  photos  gives  sufficient  detail  of  linear 
advance  rate  and  areal  change.  Volumetric  gully 
erosion  rates  have  been  determined  by  tradi- 
tional cross-sectioning  methods  and  by  photo- 
grammetric  procedures.4  In  recent  years,  tar- 
geted, low-altitude  photos  of  the  eroding  chan- 
nels have  been  made  annually.  However,  special 
efforts  have  been  made  to  define  gully  sediment 
movement  at  all  times  during  storm  runoff;  this 
is  accomplished  by  the  dual  sampling  of  stream- 
flow  at  channel  cross  sections  above  and  below 
the  gully  headcut.  Nearly  all  samples  were  col- 
lected (at  1-  to  3-min  intervals  during  rising  wa- 
ter stages  and  less  frequently  during  the  reces- 
sion) with  a  U.S.  DH-48  hand  sampler  by  the 
equal  transit  rate  (ETR)  method.  Streamflow 
samples  collected  near  the  runoff-measuring 
weir  located  below  each  gully  headcut,  or  scarp, 
represent  sediment  eroded  from  both  the  field 
and  the  gully,  whereas  samples  collected  above 


the  gully  headcut  should  reflect  the  quantities  of 
sediment  contributed  by  sheet-rill  erosion.  The 
difference  between  these  sediment  concentra- 
tions and  erosion  rates  is  a  consequence  of  ero- 
sion originating  from  both  the  gully  headcut  and 
the  channel  banks  between  the  headcut  and  the 
downstream  weir.  (In  some  instances,  as  illus- 
trated in  figure  1,  sediment  from  sheet-erosion 
sources  above  the  gully  headcut  actually  ex- 
ceeded total  erosion  downstream  and  resulted  in 
a  net  deposition  of  sediment  in  the  gully.  This 
circumstance  was  a  common  occurrence  on  con- 
servation watershed  4  (150  acres),  where  sedi- 
ment produced  from  12  acres  below  the  level 
terrace  system  was  deposited  and  held  in  the 
channel  by  vegetative  growth.) 

Additional  measurements  utilized  in  this  gully 
study  include  rainfall  and  runoff  amounts  and 
intensities,  soil  moisture  content,  ground-water 
levels,  and  various  physical  and  hydraulic  attri- 
butes of  the  watersheds  and  drainage  systems. 


DATA  AND  INTERPRETATIONS  FROM  FIELD  STUDY 


Gully  erosion  measurements  began  in  1964  at 
Treynor  watersheds  1  and  2  and  a  year  later  at 
conservation  watersheds  3  and  4.  Table  2  sum- 
marizes sediment  yield  from  both  the  upland 
field  and  the  gullied  drainageway  for  all  four 


4Aguilar,  A.  M.,  and  Piest,  R.  F.  1969.  Photogram- 
metric  techniques  for  precise  measurement  of  eroding 
landforms.  Presented  to  joint  national  meeting  of  Ameri- 
can Society  of  Photogrammetry  and  American  Congress 
of  Surveying  and  Mapping,  Portland,  Oreg.  Available 
from  the  authors  of  this  paper. 


watersheds,  1965-71.  Overall,  about  one-fifth  of 
the  total  sediment  yield  resulted  from  gully  ero- 
sion. 

Gully-erosion  rates  from  conservation  water- 
sheds 3  and  4  were  typically  of  minor  import- 
ance. (The  most  significant  gully  erosion  on  a 
conservation  area  occurred  June  20,  1967,  on 
bromegrass  pasture  watershed  3,  where  an  in- 
tense 3.9-inch  rainfall  on  the  saturated  soil  sur- 
face caused  2.0  inches  of  runoff  and  a  loss  of  120 
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Figure  1. — Gully  filling  due  to  intense  storm  on  unprotected  upland  field,  watershed  4,  June  20,  1967. 


tons  of  soil  from  the  gully.)  Table  2  also  shows 
that  surface  runoff  and  gully-erosion  rates  were 
much  higher  for  contour-corn  watersheds  1  and 
2.  These  two  channels  are  actively  eroding — 
watershed  1  gully  mainly  by  headcut  advance 
and  watershed  2  by  lateral  erosion  of  gully  banks. 

Figure  2  shows  an  aerial  view  of  the  channel 
system  and  a  closeup  of  the  gully  headcut  at  wa- 
tershed 1.  The  areal  growth  of  this  gully  from 
1965  through  1971  is  portrayed  in  figure  3  by 
survey  period;  surface  runoff  and  gully-erosion 
rates  for  these  periods  are  also  tabulated.  Gully- 
erosion  rates  at  watershed  2  were  nearly  as  great 
as  those  at  watershed  1,  even  though  little  mate- 
rial was  removed  from  the  vicinity  of  the  head- 
cut;  the  major  sediment  source  was  the  eroding 
gully  bank  in  the  700-ft  channel  reach  between 
the  headcut  and  the  runoff-measuring  weir. 

Interpretations  Based  on  a  Few 
Selected  Storm  Events 

Figure  4  shows  gully-erosion  rates  at  water- 
shed 2  during  the  record  rainstorm  of  June  20, 
1967.  These  rates  were  computed  from  20 
streamflow  samples  collected  above  the  gully 
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headcut,  17  streamflow  samples  collected  at  the 
downstream  cross  section,  and  known  runoff 
rates  provided  by  continuous  water  stage  records 
and  a  calibrated  weir  stage-discharge  relation- 
ship. During  this  storm,  690  tons  of  soil  was 
eroded  from  the  gully.  The  gully-erosion  rate 
during  the  most  erosive  period  of  the  storm  was 
50  tons/min. 

An  examination  of  gully-sediment  concentra- 
tions and  discharges  during  the  course  of  runoff 
events  showed  that  at  least  two  general  condi- 
tions are  necessary  to  cause  gullying.5  Soil  debris 
must  exist  and  runoff  must  be  sufficient  to  en- 
train and  transport  this  debris.  In  the  preceding 
sections,  we  have  dealt  with  the  total  gully-ero- 
sion process  in  a  general  manner;  however,  in  a 
closer  examination  of  the  mechanics  of  gully  ero- 
sion, it  is  necessary  to  distinguish  between  the 
two  subprocesses  of  debris  cleanout  and  renewed 
debris  production.  It  is  sometimes  impossible  to 
separate  the  effects  of  important  variables  on 

5  Piest,  R.  F.,  and  Spomer,  R.  G.  1968.  Sheet  and  gully 
erosion  in  the  Missouri  Valley  loessial  region.  Transac- 
tions of  the  American  Society  of  Agricultural  Engineers 
11(6)  :  850-853. 


Table  2. — Sediment  yield  by  erosion  source  from  Treynor,  Ioiva,  watersheds,  1965-71 


Water- 

Annual 

IV  UilUJ.  J.    \  lIlLIlco  ) 

Sediment  yield 

Year 

shed 

precip. 

VJ  1  UU11U 

Surface 

Total 

QVioof  -rill 

PnlliT 

i  otai 

(inches) 

\\TC\  "t"PT 
W  <X  UCi. 

(tons/ acre) 

(tons ) 

(tons/ acre) 

1965  

.  1 

45.35 

3.56 

10.62 

14.18 

44.1 

1,154 

^  R 

2 

44.34 

2.97 

10.68 

13.65 

36.5 

656 

44.4 

3 

44.28 

4.62 

4.60 

9.22 

x.4 

186 

1.2 

4 

44.87 

10.56 

2.51 

13.07 

1.9 

116 

1.0 

1966  

....  1 

20.32 

2.54 

.65 

3.19 

6.7 

93 

7  9 

2 

20.53 

2.40 

.88 

3.28 

8.6 

177 

10.7 

3 

22.01 

2.54 

.38 

2.92 

i.l 

ilO 

.2 

4 

21.88 

5.91 

.19 

6.10 

.6 

14 

.7 

1967  

....  1 

38.25 

2.27 

11.57 

13.84 

99.0 

1,455 

118.6 

2 

37.61 

2.50 

10.45 

12.95 

75.2 

1,374 

91.8 

3 

34.23 

3.30 

2.65 

5.95 

.6 

120 

1.7 

4 

34.55 

7.28 

.73 

8.01 

2.9 

2  —  23 

2.7 

1968  

. ...  1 

32.30 

1.67 

1.15 

2.82 

3.7 

104 

5.0 

2 

32.50 

1.82 

1.13 

2.95 

4.1 

43 

4.6 

3 

31.10 

1.59 

1.02 

2.61 

.2 

13 

.3 

4 

32.18 

4.23 

.12 

4.35 

.3 

2 

.3 

1969  

. . . .  1 

31.42 

3.18 

2.53 

5.71 

1.8 

118 

3.4 

2 

31.54 

2.97 

2.35 

5.32 

1.1 

55 

1.7 

3 

30.64 

3.29 

1.73 

5.02 

.1 

19 

.3 

4 

30.70 

6.11 

.27 

6.38 

.1 

—  5 

,1 

1970  

....  1 

31.51 

2.21 

2.14 

4.35 

11.8 

177 

14.0 

2 

30.82 

2.35 

1.79 

4.14 

7.4 

171 

9.5 

3 

28.86 

2.19 

.37 

2.56 

^.1 

5 

.1 

4 

28.79 

3.99 

.13 

4.12 

.1 

<1 

.1 

1971  

....  l 

28.93 

2.06 

4.94 

7.00 

20.0 

399 

25.4 

2 

29.02 

2.62 

3.84 

6.46 

13.3 

241 

16.2 

q 

O  Q  A 

4. do 

1  A 

1  OA 

a 
.0 

4 

71 

R  9fl 

1R 

1  R 

1965-71 

averages  ■ 

•  •  1 

32.58 

2.50 

4.80 

7.30 

26.7 

500 

33.4 

2 

32.34 

2.52 

4.45 

6.96 

20.9 

388 

25.5 

3 

31.54 

2.91 

1.75 

4.66 

.3 

40 

.6 

4 

31.85 

6.22 

.67 

6.89 

.9 

2 

.9 

1  Division  between  sheet-rill  and  gully  erosion  estimated. 

2  Negative  value  indicates  channel  fill. 


these  two  subprocesses,  and  this  has  impeded  the 
study  of  the  mechanics  of  gullying. 

If  gully  soil  debris  is  produced  predominantly 
by  the  shearing  forces  of  flowing  water,  these 
forces  are  also  sufficient  to  entrain  and  trans- 
port this  fine-grained  loessial  debris  through  the 
channel  system.  However,  evidence  at  both  wa- 
tersheds 1  and  2  indicates  that  the  shearing  or 
tractive  forces  on  the  channel  boundary  are  not 
the  major  forces  causing  gully  erosion.  Aside 
from  the  visual  evidence  of  gully-head  and  gully- 
bank  deterioration  as  shown  in  figure  2,  gully- 
sediment  concentrations  and  discharges  of  indi- 
vidual storm  events  often  reached  a  maximum 
soon  after  surface  runoff  began  but  rapidly  de- 
creased before  the  peak  of  storm  runoff.  In  some 


cases,  there  was  a  period  near  the  runoff  peak 
when  the  supply  of  soil  debris  in  the  gully  was  ex- 
hausted, and  the  transport  of  gully  materials  was 
essentially  zero  (fig.  5).  The  gully-sediment 
discharge  curve  of  figure  5  is  based  on  30  stream- 
flow  samples.  Figure  6  shows  the  gully-sediment 
discharge  at  watershed  1  for  one  of  the  runoff 
events  of  May  10, 1971,  when  the  gully  sediment- 
concentration  curve  was  defined  by  32  samples. 
This  was  the  first  large  runoff  event  of  the  year. 
Because  it  was  preceded  by  minor  runoff,  there 
were  brief  periods  at  the  outset  of  the  storm 
when  there  was  no  gully  erosion.  Temporary  gul- 
ly cleanout  occurred  on  the  hydrograph  recession 
prior  to  a  runoff  rate  of  about  30  ft3/s.  Had 
tractive  force  on  the  channel  boundary  been  the 
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Figure  2. —  {Left)  Aerial  view  of  watershed  1  outlet  dramageway,  showing  sampling  footbridges  and  measuring  weir. 
(Right)  Closeup  of  gully  headcut  area,  showing  portion  of  upstream  drainageway  at  extreme  left,  failed  soil 
mass,  and  seepage. 


predominant  eroding  agent  during  these  storms, 
either  by  direct  shear  on  the  channel  boundary 
or  by  bank  undercutting,  a  discharge  of  gully 
sediments  approximately  proportional  to  the 
square  of  stream  velocity  would  have  occurred, 
and  zero  transport  of  gully  sediments  at  signifi- 
cant runoff  rates  would  not  have  been  experi- 
enced. 

Sediment-transport  curves  (fig.  7)  for  four 
successive  runoff  events  at  watershed  1  repre- 
sent the  concentration  and  rate  of  movement  of 
gully  materials  with  respect  to  rate  of  runoff. 


Surface  Gully 

Area  Period  runoff  erosion 

(acre-ft)  (tons) 


1  Nov.  15,  1964— Apr.  14,  1965   25  130 

2  Apr.  15,  1965— June  9,  1965   17  510 

3  June  10,  1965— Aug.  13,  1965   12  160 

4  Aug.  14,  1965— Nov.  15,  1965   14  350 

5  Nov.  16,  1965-^Tuly  15,  1966   4  90 

6  July  16,  1966— May  30,  1967   1  <10 

7  May  31,  1967-June  27,  1967   70  1,440 

8  June  28,  1967— Dec.  31,  1969   24  230 

9  Jan.    1,  1970— Dec.  15,  1970   13  180 

10  Dec.  16,  1970— Dec.  8,  1971   31  400 


Total    211  3,500 

Figure  3. — Measured  gully  advances  and  erosion  rates 
on  watershed  1  near  Treynor,  Iowa. 


These  were  compiled  from  graphs  of  sediment 
concentration  versus  time  that  were  constructed 
on  the  basis  of  numerous  streamflow  samples; 
gully-sediment  discharges  were  computed  from 

l00p  1  1  1  1  1  1  q1000 
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TIME,  hrs. 

Figure  4. — Gully-erosion  rate  from  700-ft  length  of 
channel  at  watershed  2,  June  20, 1967. 
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Figure  5. — Gully  erosion  rate,  storm  of  May  25,  1965,  at 
watershed  1. 


these  graphs.  Characteristics  of  such  sediment- 
transport  curves  can  be  summarized  from  the 
study  of  many  of  these  individual  sediment- 
transport  curves.  For  example: 

1.  The  overall  relationship  of  gully-sediment 
discharge  (and  concentration)  to  runoff  for  any 
time  interval  during  a  storm  indicates  the  avail- 
ability of  gully  debris.  Generally,  dry  conditions 
prior  to  an  event  cause  higher  placement  of  the 
upper  limb  of  the  curve  (higher  gully-sediment 
concentrations)  and  increase  vertical  distance 
between  limbs  (fig.  7) . 

2.  Cleanout  of  the  gully  channel,  evidenced  by 
a  "break"  in  the  loop  in  the  downward  direction, 
occurs  more  often  when  wet  conditions  exist  be- 
fore a  given  storm  (fig.  7) . 

3.  Renewed  erosion,  usually  caused  by  slough- 
ing of  wetted  gully  banks,  often  occurs  after  the 
peak  of  runoff.  Although  not  clearly  shown  in 
figure  7  this  transport  characteristic  is  often 
identified  on  sediment-transport  curves  by  a 
sharp  upward  trend.  This  condition  has  been 
noted  in  other  loess  areas  by  the  senior  author, 
who  has  sampled  loessial  streams  at  night  while 
suspended  from  a  40-ft-high  overhead  cable  and 


has  relied  on  the  sound  of  massive  bank  segments 
crashing  into  the  water  to  indicate  that  the  water 
stage  was  beginning  to  fall. 

The  effect  of  prior  moisture  conditions  on 
gully  erosion  rates  is  illustrated  by  the  sediment- 
transport  curves  for  the  four  successive  events 
of  figure  7.  Numerical  entries  on  the  lower  curve 
of  each  graph  denote  24-h  clock  time.  Note  that 
debris  cleanout  was  not  effected  until  early  in 
the  third  runoff  event,  and  bank  sloughing 
occurred  just  before  4:31  a.m.  and  again  after 
4:39  a.m.  A  comparison  of  events  1  and  4,  which 
have  similar  runoff  rates,  dramatizes  the  effect 
of  debris  cleanout;  the  gully-sediment  concentra- 
tion exceeded  50,000  p/m  for  the  first  event  but 
did  not  exceed  15,000  p/m  during  the  fourth 
event  because  debris  supply  was  limited. 

Interpretations  Based  on  the  7-Year 
Composite  Sample  Record 

Additional  insights  into  processes  that  affect 
gullying  at  Treynor. can  be  obtained  by  referring 
to  the  composite  7-yr  streamf low-sample  record 


2000  2010  2020         2030  2040  2050  2100 


TIME,  hrs. 

Figure  6. — Gully  sediment  discharges  during  the  first 
large  runoff  event  of  1971  at  watershed  1. 
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Figure  7. — Gully-sediment  transport  relations  for  successive  runoff  events  of  September  7,  1965,  watershed  1,  near 

Treynor,  Iowa. 


for  the  two  locations  at  the  outlet  of  watershed 
1.  The  1,042  streamf low  samples  of  figure  8  were 
collected  just  above  the  retreating  gully  head; 
the  1,653  samples  of  figure  9  were  collected 
downstream  from  the  gully  head.  All  of  the  run- 
off that  reached  the  downstream  sample  point 
also  passed  over  the  gully  headcut,  except  for  the 
small  portion  generated  by  rain  falling  in  the 
gully.  Statistics  of  the  relationship,  including  the 
least-squares  regressions,  are  given  on  the  fig- 
ures. The  same  least-squares  analysis  for  water- 
shed 2  (not  shown)  results  in  the  equations 
Q,=11.6QW1-64;.R2=0.89  (upstream  from  head- 
cut);  and  Qs=30.7Q!C1-53;i22=0.94  (downstream 
from  headcut).  In  each  case,  the  sediment  dis- 
charge, Qs,  is  in  lb/min  and  water  discharge, 
Qjc,  is  in  ft3/s.  The  difference  between  the  curves 
of  figures  8  and  9  gives  the  overall  relation  be- 
tween gully  erosion  and  runoff  rates  for  the 
period  of  record,  because  it  reflects  all  sample 
data.  This  net  relation  between  gully-sediment 
discharges  and  runoff  rates  for  watersheds  1 
and  2  is  given  in  figures  10  and  11,  respectively. 
The  trend  lines  shown  were  derived  from  the 
forced  linear  fit  of  data,  such  as  figures  8  and  9, 
and  a  more  correct  curve-fitting  procedure  by 


which  all  values  of  the  dependent  variable  were 
averaged  for  successive,  small  increments  of  the 
independent  variable  and  a  best-fit  curve  drawn 
through  these  group  averages.0  In  either  proce- 
dure, the  shapes  of  the  resulting  curves  (fig.  10) 
and  the  basic  conclusions  to  be  drawn. from  a 
comparison  of  the  curves  are  not  significantly 
changed.  That  is,  the  gully-sediment  discharge 
curve  defined  by  samples  for  watershed  1  is  not 
as  steep  as  that  for  watershed  2,  and  the  concen- 
tration at  watershed  1  increases  to  a  peak  value 
at  intermediate  runoff  rates  and  decreases  there- 
after. The  watershed  2  gully  sediment  concentra- 
tion, by  contrast,  increases  throughout  the  entire 
range  of  runoff.  Curve  10,  for  the  gully  of  water- 
shed 1,  represents  an  actively  eroding  headcut 
and  an  average  350-ft  channel  (table  1),  and 
curve  11,  for  the  gully  of  watershed  2,  represents 
a  slightly  eroding  headcut  and  a  700-ft  channel; 


6  American  Society  of  Civil  Engineers,  Task  Commit- 
tee on  Preparation  of  Sedimentation  Manual,  Committee 
on  Sedimentation  of  the  Hydraulics  Division.  1970.  Sedi- 
ment measurement  techniques:  Chapter  IV,  Sediment 
sources  and  sediment  yields.  Journal  of  the  Hydrology 
Division,  Proceedings  of  the  American  Society  of  Civil 
Engineers  96  (HY6)  :  1283-1329. 
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WATER   DISCHARGE,  cfs 

Figure  8. — Sediment  transport  relation  representing 
sheet-rill  erosion  at  watershed  1. 


therefore,  we  can  conclude  that  the  sustained 
gully  sediment  concentrations  of  watershed  2 
originate  from  the  channel  bank.  Conversely, 
headcut  erosion  at  watershed  1  is  not  enough  to 
sustain  a  high  rate  of  increase  in  gully-sediment 
transport  as  would  be  expected  if  tractive  forces 
were  mostly  responsible  for  headcut  erosion.  The 
stabilization  and  decrease  in  gully-sediment  con- 
centration with  increasing  runoff  at  watershed 
1  are  a  consequence  of  cleanout  of  headcut  mate- 
rials at  moderate  runoff  rates. 

Interpretations  Based  on  Measured  Runoff 
and  Gullying,  by  Storm 

The  foregoing  conclusion — that  gully  sedi- 
ment-runoff relations  differ  according  to  wheth- 
er gully  head  or  gully  bank  erosion  is  occurring 
— is  also  verified  if  gully  erosion  is  considered 
on  a  storm-event  basis.  Each  of  the  plotted  points 
of  figure  12  represents  a  single  storm  that  was 
adequately  sampled.  (For  the  7-yr  period,  1965- 
71,  this  included  52  events  at  watershed  1.)  That 


is,  dual  sediment-concentration  graphs,  derived 
from  streamf low  samples  collected  upstream  and 
downstream  from  the  gully  headcut,  were  well 
defined.  The  sediment  discharge  that  originated 
from  the  gully  was  then  calculated;  this  storm 
gully  discharge,  divided  by  the  storm  runoff  and 
the  appropriate  conversion  constant,  is  termed  a 
runoff-weighted  gully-sediment  concentration. 
Figure  12  shows  considerable  scatter  in  gully- 
sediment  concentration  for  watershed  1  storm 
events,  and  statistical  analyses  show  that  sedi- 
ment concentration  is  not  well  correlated  with 
runoff,  although  the  same  slight  trend  of  de- 
creasing concentration  with  increasing  runoff  is 
apparent.  This  is  to  be  expected,  since  the  con- 
centration curve  of  figure  10  for  the  watershed 
1  gully  does  not  consistently  increase  with  in- 
creasing runoff  rate. 

Sediment  concentration  is  usually  considered 
to  be  a  better  erosion  indicator  than  sediment 
discharge  for  testing  with  erosion-causing  vari- 
ables, for  two  primary  reasons: 
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Figure  9. — Sediment  transport  relation  representing 
sheet-rill  and  gully  erosion  at  watershed  1. 
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Figure  10. — Sediment  transport  relation  for  gully  of 
watershed  1,  based  on  2,700  streamflow  samples. 
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STORM  RUNOFF,  inches 

Figure  12. — Storm  runoff  versus  runoff -weighted  sedi- 
ment concentration  from  gully  erosion,  using  all 
well-sampled  runoff  events  at  watershed  1,  1965-71. 


10  10  io2  I03 

RUNOFF,  cfs 

Figure  11. — Sediment  transport  relation  for  gully  of 
watershed  2,  based  on  2,500  streamflow  samples. 


1.  The  product  of  runoff  and  sediment  con- 
centration is  sediment  discharge,  so  there  is  a 
statistical  bias  built  into  any  relationship  that 
may  be  runoff-correlated. 

2.  Runoff  is  not  a  basic  variable.  Because  it  is 
usually  well  correlated  with  the  erosion  param- 
eter, its  use  tends  to  mask  the  effect  of  more 
subtle  basic  environmental  variables  on  sediment 
production. 

The  objective  of  this  study  was  to  obtain  a 
gully  erosion  relationship  for  predictive  pur- 
poses as  well  as  to  isolate  variables  causing  ero- 
sion, so  both  the  gully-sediment  concentrations 
and  sediment  discharges  of  watersheds  1  and  2 
were  examined.  Figures  13  and  14  show  the  log- 
linear  relationships  between  gully-sediment  dis- 
charge and  runoff,  on  a  storm  basis,  for  wa- 
tersheds 1  and  2.  At  watersheds  1  and  2,  storm 
runoff  volume  alone  was  sufficient  to  explain  70 
and  78  pet,  respectively,  of  the  variation  in  storm 
gully-erosion  rate.  However,  the  accuracy  of  pre- 
diction was  not  especially  good.  In  round  num- 
bers, the  actual  gully-sediment  discharge  for  a 
storm  of  known  runoff  volume  will  be  50  to  200 
pet  of  the  predicted  value  two  out  of  three  times. 
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Figure  13. — Relationship  between  runoff  and  gully  sedi- 
ment discharge,  by  storm,  at  watershed  1, 1965-71. 


This  information  has  even  less  value  when  ap- 
plied to  another  gully. 

To  improve  the  prediction  equations  and  to 
examine  the  effect  of  environmental  factors  on 
gully  erosion,  the  following  variables  were  tested 
for  the  52  well-sampled  storms  at  watershed  1 
and  the  41  well-sampled  storms  at  watershed  2. 

1.  Peak  storm  runoff,  inches  per  hour. 

2.  Average  soil  moisture  (before  each  storm) 
in  the  2-  to  6-ft  profile,  inches.  These  were  deter- 
mined from  approximately  weekly  readings  at 
six  sites  on  the  two  watersheds. 

3.  Change  in  these  soil-moisture  levels  from 
storm  to  storm,  inches. 

4.  Ground-water  well  level  before  each  storm 
for  a  single  well  near  each  gully  head,  feet.  These 
were  based  on  well-level  recorders  during  part 
of  the  study  and  periodic  tapedowns  for  the  re- 
mainder of  the  time. 

5.  Change  in  well  levels  from  storm  to  storm, 
feet. 

6.  Change  in  well  level  from  the  April  1  well 
level,  feet. 

7.  Season.  Each  storm  was  represented  by  the 
Julian  date  on  which  it  occurred.  Snowmelt  data 
were  excluded. 

8.  Time.  Each  storm  was  represented  by  the 


numerical  day  of  the  period,  beginning  with 
January  1, 1965. 

9.  Time,  hours,  since  prior  precipitation  event 
which  exceeded  one-half  inch. 

10.  Time,  hours,  since  prior  event  which  ex- 
ceeded 0.01  inch  of  runoff  (volume) . 

11.  Time,  hours,  since  prior  event  when  runoff 
peak  exceeded  0.5  ft3/s. 

These  variables  were  selected  because  the 
weathering  of  gully  walls  and  headcut  is  logically 
related  to  moisture  and  seasonal  changes  occur- 
ring between  rainstorms. 

Stepwise  multiple  regression-correlation  com- 
puter analyses  were  made  using  these  variables. 
For  some  analyses,  runoff  amount,  peak  rate, 
and  time  were  deleted  because  they  proved  to  be 
best  correlated  and  probably  masked  the  effec- 
tiveness of  other  intercorrelated  variables.  A 
brief  summary  of  the  attempt  to  define  variables 
influencing  gully  erosion  is  given  here  for  water- 
shed 1. 


Dependent 
variable 


Variables 
tested 


Ex-plained 
variation, 

R2 


Storm  runoff  volume . .  -0.70 


Gully  sediment, 
storm  tonnage. 

Do  All  eleven  79 

Do  All  except  runoff  .21 

volume  and  peak. 

Do  All  except  time  76 

Do  All  except  time,  .21 

runoff  volume, 
and  peak. 

Gully  sediment,  storm 

concentration,  p/m.      Runoff  volume   .24 

Do  All  eleven  43 

Do  All  except  runoff  .18 

volume  and  peak. 

Do  All  except  time   .09 

Do  All  except  time,  .09 

runoff  volume, 
and  peak. 

Results  of  these  tests  show  that  the  expres- 
sions used  to  represent  environmental  factors  do 
not  greatly  improve  the  relation  between  runoff 
and  gully  erosion.  This  is  puzzling  because  other 
techniques  show  the  erosion  effectiveness  of  suc- 
cessive storm  events  to  be  drastically  different. 

Interpreting  the  Effect  of  Interrelated 
Season-Soil  Moisture  Variables  on 
Gully  Erosion  Rates,  May  1971 

For  example,  consider  the  successive  storm 
events  of  May  6, 10,  and  18, 1971,  at  watershed  1, 
which  were  very  well  sampled.  Runoff-duration 
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Figure  14. — Relationship  between  runoff  and  gully  sedi- 
ment discharge,  by  storm,  at  watershed  2, 1965-71. 


information  for  these  storms  appears  in  table  3, 
and  the  gully-erosion  rates  are  computed  using 
the  average  runoff-sediment  discharge  relation 
of  figure  10.  These  computed  values  were  com- 
pared with  measured  gully-erosion  rates  for  the 
same  storm.  The  May  6  storm  was  the  first  sig- 
nificant runoff  event  of  1971,  and  the  May  18 
storm  occurred  near  the  end  of  a  wet  period. 
Table  3  shows  that  the  runoff -weighted  sediment 
concentration  of  streamflow  that  is  due  to  gully 
erosion  is  greater  for  the  May  10  storm  (16,100 
p/m)  than  for  the  May  18  storm  (3,700  p/m) . 
The  May  6  gully  sediment  concentration  was 
highest  at  20,200  p/m.  This  decrease  in  concen- 
tration with  time  was  almost  certainly  caused 
by  cleanout  of  existing  gully  debris  and  the  oc- 
currence of  the  May  10  and  18  storms  before 
much  additional  debris  could  accumulate. 

With  average  antecedent  conditions  as  repre- 
sented by  the  curve  of  figure  10,  the  same  runoff 
that  occurred  May  6  would  be  expected  to  pro- 
duce 30  tons  from  the  gully  instead  of  the  meas- 
ured 58  tons,  at  a  concentration  of  10,400  p/m 
instead  of  20,200  p/m.  By  contrast,  the  high 
rainfall  and  runoff  of  May  18  would  be  expected 
to  erode  153  tons  from  the  gully  of  watershed  1, 
instead  of  the  measured  46  tons,  if  average  en- 


vironmental conditions  prevailed.  Such  differ- 
ences probably  explain  much  of  the  scatter  in 
figures  13  and  14. 

Miscellaneous  Interpretations 

To  this  point,  the  interplay  of  basic  forces  that 
cause  the  gully  walls  to  fail  eludes  us.  We  have 
dealt  principally  with  rates  of  sediment  move- 
ment from  the  gully  in  terms  of  runoff  and  simi- 
lar composite  variables  that  concern  the  total 
gully  process  and  have  not  included  physical  or 
mechanical  measurements  needed  for  a  study  of 
massive  soil  failures.  A  paper  by  Bradford,  Far- 
rell,  and  Larson7  considers  the  stability  of  gully 
banks  by  analyzing  the  forces  acting  on  the  soil 
mass  that  forms  the  gully  walls.  The  two-dimen- 
sional stability  analysis  using  the  simplified 
Bishop  method  of  slices  to  calculate  critical  fac- 
tors of  safety  indicates  that  height  of  water 
table,  cohesion  of  soil  and  rate  of  water  infiltra- 
tion are  controlling  factors  affecting  stability 
of  gully  walls. 

Any  factor  that  alters  the  potential  resisting 
forces  of  the  soil  (available  shearing  strength) 
and  the  driving  forces  will  influence  the  failure 
of  the  gully  walls.  The  soil-modifying  effects  of 
winter  freezing  and  spring  thawing — and  wet- 
ting and  drying  cycles — influence  soil  shearing 
strength.  These  weather-caused  stresses  are  dif- 
ficult to  evaluate  in  a  limited  field  study.  Total 
gully  erosion  from  snowmelt  has  been  negligible 
on  the  Treynor  watersheds,  although  much  of 
the  damage  to  gully  banks  from  freezing  and 
thawing  cycles  probably  contributes  to  gully 
growth  during  the  first  spring  runoff  event,  as 
previously  shown  for  watershed  1  on  May  6, 
1971.  Figures  15  and  16  illustrate  that  snowmelt 
gully-erosion  rates  are  consistently  and  signifi- 
cantly higher  at  watershed  1  than  at  watershed 
2,  whether  the  snowmelt  occurs  on  frozen  or 
thawed  ground.  These  erosion  differences  can 
hardly  be  due  to  differences  in  tractive  force  but 
are  probably  related  to  a  more  erosive  plunge 
pool  action  on  watershed  1.  Also,  the  gully  over- 
fall at  watershed  1  faces  south,  and  watershed  2 
gully  head  faces  west.  A  south-facing  slope  is 
subject  to  more  frequent  wetting-drying  and 
freezing-thawing  cycles. 

7  Bradford,  J.  M.,  Farrell,  D.  A.,  and  Larson,  W.  E. 
1973.  Mathematical  evaluation  of  factors  affecting  gully 
stability.  Proceedings  of  the  Soil  Science  Society  of 
America  37(1)  :  103-107. 
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Figure  16. — Gully-sediment  concentration  for  event  of  February  25,  1969,  watersheds  1  and  2,  thawed  topsoil. 

CONCLUSIONS 

Neither  the  geologist's  explanation  of  the  insight  into  basic  erosion  mechanisms.  But  there 
cause  of  gullying  nor  the  limited  findings  noted  is  some  common  ground  for  these  findings.  The 
herein — that  runoff  rates  at  Treynor  are  the  concepts  that  wetter  climatic  trends  during  geo- 
best  indicators  of  gully  erosion  rates — give  much      logic  time  (in  the  midcontinent  region)  slowed 
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gullying  rates  and  that  land  abuse  in  the  past 
dozen  decades  has  accelerated  gully  erosion  are 
really  telling  the  same  story — the  balance  be- 
tween runoff  and  vegetative  levels  is  all-impor- 
tant. Langbein  and  Schumm8  utilized  sediment 
records  to  show  that  erosion  levels  increase  as  the 
climate  changes  from  humid  to  arid,  up  to  the 
point  where  the  lessened  runoff  rates,  rather 
than  the  deteriorating  vegetal  cover,  would  in- 
hibit further  increases  in  erosion.  Historic  man 
has,  in  many  respects,  created  a  new  climate  in 
which  increased  runoff  rates  and  decreased 
vegetal  cover  combine  to  accelerate  gully  erosion. 

Surface  runoff  rates  from  conservation  water- 
sheds 3  and  4  are  drastically  reduced,  compared 
with  watersheds  1  and  2.  The  channels  of  these 
conservation  watersheds  have  responded  to 
treatment  by  remaining  stable,  as  figure  1  dem- 
onstrates. A  flow  rate  of  40  ft3/s  in  the  gully  of 
watershed  4  did  not  upset  the  stable  channel  con- 
dition, and  only  a  record  storm  at  watershed  3 
could  cause  significant  gully  erosion  there.  Ap- 
parently the  combination  of  favorable  runoff 
regimen  and  suitable  channel  vegetal  cover  at 
these  watersheds  is  sufficient  to  stabilize  the 
gullies  unless  some  seemingly  chance  occurrence 
(or  combination  of  occurrences)  takes  place, 
such  as  record  runoff,  devegetated  channel,  or 
critically  located  rodent  burrows. 

It  would  require  a  significant  reduction  in 
surface  runoff  at  watersheds  1  and  2  to  bring 
about  stable  conditions  there,  but  consider  the 
effect  of  some  conservation  practice  that  would 
not  affect  storm  runoff  volumes  but  would  re- 
duce the  runoff  rates  by  one-half  and  double  the 
flow  duration.  Based  on  the  sediment-transport 
relationships  at  these  watersheds,  a  50-pct  run- 
off-rate reduction  would  not  decrease  gully-head 
erosion  (and  would  probably  increase  it  some- 
what) if  the  trends  of  figures  10  and  13  are 
typical.  That  this  change  in  runoff  would  fail  to 
deter  gully-head  erosion  is  well  recognized  by 
farmers  who  have  tried  to  empty  the  outflow 
from  small  reservoirs  gently  into  a  loessial  chan- 
nel and  suffered  dire  consequences.  We  have 
ample  proof  for  the  statement  that  gully-head 
erosion  can  be  initiated  and  sustained  by  moder- 
ate runoff  rates  once  a  minimum  (but  unknown) 
rate  is  exceeded. 

s  Langbein,  W.  B.,  and  Schumm,  S.  A.  1958.  Yield  of 
sediment  in  relation  to  mean  annual  precipitation.  Trans- 
actions of  the  American  Geophysical  Union  39(6) :  1076- 
1084. 


The  effect  of  a  50-pct  runof f-rate  reduction  on 
channel-bank  erosion  would  be  great.  Based  on 
the  experience  at  watershed  2,  as  shown  by  the 
sediment-transport  curves  of  figures  11  and  14, 
we  would  expect  a  sizable  reduction  in  gully 
erosion  rates.  The  authors'  interpretations  of  the 
effect  of  these  assumed  runoff  regimes  on  gully- 
head  and  gully-bank  erosion  can  be  questioned 
on  the  grounds  that  channel  debris  cleanout  has 
occurred  at  both  locations.  Gully-bank  erosion  at 
Treynor  watershed  2  was  measured  for  only  a 
700-ft  channel,  however,  and  active  gully  en- 
largement is  no  doubt  occurring  over  a  greater 
length  downstream. 

The  terminal  geometry  (final  dimensions  and 
slopes)  of  the  gullied  channels  at  Treynor  can 
probably  be  fixed  within  close  limits  for  any 
given  channel  cross  section,  because  the  critical 
dimension,  depth  to  glacial  till,  is  known.  The  ul- 
timate width  can  also  be  forecast  for  differing 
runoff  regimes  if  our  present  concepts  of  soil 
stability  mechanisms  are  valid.  Although  the 
depth  of  bank  failure  seems  related  to  the  loca- 
tion of  the  seepage  plane  (fig.  3),  it  is  improb- 
able that  the  seepage  plane  affects  the  total 
masses  eroded,  because  the  trenching  depth  is 
still  the  governing  variable.  The  effect  of  gully- 
bank  seepage  on  erosion  rates  is  probably  much 
greater  at  locations  where  the  trenching  depth  is 
not  controlled  by  resistant  soil  or  rock. 

Subsurface  soil-moisture  content,  well  levels, 
storm  antecedent  conditions,  and  seasonal  and 
time  trends  were  tested  for  correlation  with 
gully-erosion  rates.  Results  were  not  encourag- 
ing, possibly  bcause  many  of  the  variables  may 
be  well  correlated  with  soil  slippage  mechanisms 
(which  cannot  be  expressed  in  this  field  experi- 
ment) but  not  the  sediment-removal  process. 
Using  a  different  analytical  approach  (table  3) , 
the  effect  of  prior  moisture  conditions  for  suc- 
cessive rainstorms  is  clearly  illustrated;  the  May 
18, 1971,  event  with  wet  prior  conditions,  for  ex- 
ample, caused  only  one-third  of  the  gully  erosion 
that  would  occur  under  average  moisture  condi- 
tions (a  measured  46  tons  versus  a  computed  153 
tons) . 

Unstable  blocks  of  soil  seem  to  appear  at  ran- 
dom along  the  gully  banks  in  response  to  un- 
measured forces.  Our  present  understanding  of 
the  failure  sequence  is  that  moisture  saturation, 
mostly  by  runoff  and  possibly  by  a  heavy  rain- 
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fall,  causes  loss  of  soil  strength  and  block  dislo- 
cation by  slippage.  The  importance  of  this  mode 
of  gully-bank  deterioration  and  failure  has  only 
recently  been  appreciated  by  the  authors,  who 
have  noted  the  formation  of  nick  points  along 
channels  caused  by  runoff  from  tiny  drainage 
areas  infiltrating  the  soil  block  at  the  channel 
edge  through  heavily  sodded  grass.  Gradual  un- 
dermining and  occasional  block  overturning  ac- 
counts for  its  migration  downslope  to  the  point 
of  eventual  entrainment.  Other  mass  supply 
mechanisms  may  be  initiated  by  streamward 


displacement  of  soil  blocks  caused  by  lateral 
pressures  released  in  the  gully  cutting  process — 
and  by  shrinkage  cracking. 

Tractive  forces  do  not  play  the  major  role  in 
the  erosion  of  these  valley-head  gullies.  That  is, 
the  resistance  of  the  channel  boundary  to  erosion 
exceeds  the  erosive  power  of  the  runoff  under 
most  circumstances.  The  erosive  power  of  runoff 
plays  a  minor  role  in  gully  growth  in  the  loess 
study  area,  except  for  its  relation  to  transport  of 
eroded  bank  material — and  possibly  some  plunge 
pool  action. 
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SOURCE  OF  SOIL  ERODED  BY 
WATER  FROM  UPLAND  SLOPES 


By  L.  D.  Meyer,2  G.  R.  Foste 

Identification  of  the  sources  of  sediment  is 
important  in  developing  methods  of  reducing  soil 
loss  from  upland  areas,  for  evaluating  the  pollu- 
tion potential  of  eroded  soil,  for  developing  a 
comprehensive  mathematical  soil-erosion  model, 
and  for  broader  application  of  research  results. 
Past  erosion  research  usually  has  not  determined 
whether  soil  that  was  eroded  from  upland  slopes 
originated  from  the  soil  surface  or  from  beneath 
it,  whether  it  was  lost  relatively  uniformly  over 
the  entire  area  or  primarily  from  certain  parts 
of  the  slope,  or  whether  the  erosion  resulted 
mainly  from  raindrop  impact  or  from  flowing 
runoff.  Instead,  erosion  research  has  been  di- 

THE  PROCESS  OF  SOIL 

The  soil  erosion-sedimentation  process  involves 
detachment  of  soil  particles  (primary  and  aggre- 
gated) from  the  soil  mass,  transportation  of 
these  particles  downslope,  and  their  eventual 
deposition.  Individual  particles  may  undergo 
this  series  of  events  many  times,  and  final  depo- 
sition may  be  beyond  the  upslope  area.  Impact- 
ing raindrops  and  flowing  water  are  the  erosive 
agents  that  work  against  the  resisting  forces  of 
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rected  primarily  toward  determining  the  quan- 
tity of  soil  delivered  to  a  specific  point  or  toward 
designing  practices  for  reducing  the  quantity  of 
soil  lost.  The  physical,  chemical,  and  biological 
characteristics  of  the  eroded  material  have  re- 
ceived little  attention.  Such  information  is  im- 
portant to  researchers  and  to  application  con- 
servationists. 

Several  series  of  experimental  studies  were 
conducted  at  West  Lafayette,  Ind.,  to  obtain  data 
on  sediment  sources  and  factors  affecting  them. 
The  results  form  the  basis  for  significant  prog- 
ress in  understanding  and  controlling  soil  ero- 
sion by  water. 

EROSION  BY  WATER 

gravity  and  cohesion  to  detach  and  move  the 
particles. 

The  erosion  process  normally  begins  when 
raindrops  strike  the  soil  surface.  The  explosive 
character  of  impacting  raindrops  detaches  soil 
particles  from  the  soil  mass.  The  detached  parti- 
cles are  splashed  in  all  directions  from  the  impact 
points,  with  net  movement  downslope. 

Conceptually,  all  rainfall  is  infiltrated  so  long 
as  the  infiltration  capacity  exceeds  the  rainfall 
rate.  Once  rainfall  rate  exceeds  the  infiltration 
rate,  the  excess  water  begins  ponding  because 
of  land  microrelief  (surface  storage) .  If  the  ex- 
cess rainfall  rate  continues  long  enough,  over- 
land flow  (surface  runoff)  begins.  Overland 
flow  normally  flows  for  a  short  distance  at  a 
shallow  (thin-film)  depth.  This  prerill  type  of 
runoff  is  termed  interrill  flow.  As  overland  flow 
moves  downslope,  it  tends  to  concentrate  because 
of  tillage  marks,  natural  microtopography,  or 
previous  erosion.  These  flow  concentrations  are 
called  rills,  and  the  runoff  occurring  in  them  is 
termed  rill  flow  (3). 5  As  the  flow  continues 

5  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 
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downslope,  erosion  by  rilling  progresses,  and  rill 
patterns  develop  on  sloping  land. 

This  concept  of  upland  runoff  suggests  divid- 
ing the  erosion  process  into  source  areas  of  inter- 
rill  erosion  (erosion  on  surfaces  where  interrill 
flow  occurs)  and  rill  erosion  (erosion  occurring 
within  the  concentrated  flow  areas) .  Such  a  divi- 
sion is  very  useful  in  mathematical  simulation  of 
the  soil  erosion  process,  as  shown  by  Foster  and 
Meyer  (7).  Furthermore,  in  conducting  experi- 
mental research,  it  enables  a  meaningful  separa- 
tion of  the  sources  of  eroded  soil  into  the  portion 
coming  from  the  very  top  of  the  soil  surface  on 
the  interrill  areas  and  the  portion  from  a  rela- 
tively greater  depth  in  the  rills. 

Four  erosion  subprocesses  have  been  recog- 
nized as  possible  on  both  the  interrill  and  rill 
source  areas  of  an  eroding  slope:  soil  detach- 
ment by  rainfall,  transport  by  rainfall,  detach- 
ment by  runoff,  and  transport  by  runoff  (12) . 
The  relative  importance  of  each  varies  greatly, 
depending  on  the  conditions.  Therefore,  knowl- 
edge of  the  significance  of  each  for  specific  situa- 
tions is  essential  for  accurate  prediction  of  sedi- 
ment yields  and  for  design  of  effective  erosion- 
control  practices. 

On  the  interrill  areas,  the  several  effects  of 
raindrop  impact  usually  are  the  dominant  fac- 
tors influencing  erosion  rate.  Research  on  a  2- by 
2-ft  soil  pan  showed  that  essentially  all  soil  from 
such  areas  is  loosened  by  raindrop  impact.  When 
three  layers  of  window  screen  were  placed  over 
the  soil  pan  to  dissipate  raindrop  impact,  the  to- 
tal soil  loss  was  less  than  10  pet  of  the  loss  that 
occurred  when  raindrops  struck  the  soil  surface 
directly.  Thus,  thin  film  flow  on  interrill  areas 
has  very  little  detachment  capacity  in  the  ab- 
sence of  raindrop  impact.  Based  on  related  re- 
search, its  capacity  to  transport  particles  is  also 
decreased.  However,  in  the  presence  of  rainfall, 
the  transport  capacity  of  interrill  flow  is  greater 
and  most  of  the  soil  detached  on  interrill  areas  is 
transported  by  the  flow. 

Raindrop  splash  normally  accounts  for  only  a 
small  part  of  total  soil  movement.  Soil-pan  data 
suggest  that  the  percentage  of  total  interrill  ero- 
sion splashed  directly  to  rills  is  approximately 
equal  to  the  percentage  of  the  land  surface  that 
is  rilled,  for  areas  with  light  to  moderate  rilling. 
Thus,  if  rills  cover  10  pet  of  the  soil  surface,  ap- 
proximately 10  pet  o  fthe  eroded  soil  will  be 
splashed  to  the  rills,  and  the  remaining  90  pet 
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will  be  carried  there  by  interrill  flow.  Further- 
more, when  the  soil  surface  is  well  covered  by  a 
canopy  that  dissipates  raindrop  impact,  soil 
movement  by  splash  is  usually  insignificant. 

Runoff  characteristics  are  dominant  in  deter- 
mining the  rill-erosion  rate.  Rill  erosion  begins 
when  the  eroding  capacity  of  the  flow  at  some 
point  exceeds  the  ability  of  the  soil  particles  to 
resist  detachment  by  flow.  Once  rilling  begins, 
the  concentrated  flow  tends  to  enhance  the  de- 
tachment capabilities  in  that  vicinity,  and  rill- 
ing progresses.  Rill  development  often  proceeds 
upslope  as  headcuts.  Successive  headcuts  com- 
monly exist  along  a  rill,  and  the  local  erosion  at 
each  is  very  intense  because  of  the  erosive  over- 
fall condition.  Where  headcuts  develop,  they  ap- 
parently contribute  the  major  portion  of  the  soil 
being  lost  from  the  rill.  However,  rill  erosion 
may  occur  without  major  headcuts  as  a  relatively 
uniform  increase  in  the  erosion  rate  with  dis- 
tance along  the  rill. 

Rill  erosion  on  sloping  areas  may  vary  from 
essentially  no  noticeable  rilling  to  deep,  frequent 
rills.  The  extent  of  rilling  and  the  type  of  rill 
patterns  that  develop  on  sloping  land  depend  on 
soil  properties,  slope  steepness  and  other  topo- 
graphic characteristics,  runoff  rate,  and  tillage. 
An  interrelationship  between  detachment  by 
runoff  and  sediment  load  has  been  proposed  U) : 

Detachment  rate  by  flow 
Detachment  capacity  of  flow 

Sediment  load  in  flow  _^ 
Transport  capacity  of  flow 

On  most  slopes  with  cohesive  soils,  calculations 
suggest  that  the  transport  capacity  of  rill  flow  is 
much  greater  than  the  rate  at  which  such  flow 
can  detach  soil.  Therefore,  detachment  rate  will 
normally  limit  erosion  rate.  Quite  commonly,  the 
estimated  sediment  load  is  only  a  small  percent- 
age of  the  computed  transport  capacity  for  slopes 
of  moderate  steepness  (-4,  5) .  However,  on  non- 
cohesive  soils  or  at  locations  where  the  transport 
capacity  decreases  considerably,  the  sediment 
load  may  approach  the  transport  capacity.  When 
this  occurs,  the  detachment  rate  of  the  flow  will 
be  reduced  (4, 18) .  If  the  sediment  load  exceeds 
the  transport  capacity,  deposition  (negative  de- 
tachment) occurs.  The  rate  of  deposition  will 
depend  on  the  relation  between  the  sediment- 
carrying  capacity  and  the  sediment  load  of  the 


flow  at  a  given  location  (2,  4) .  Decreased  trans-  soil  mass.  Where  rills  develop,  the  detachment 
port  capacity  results  when  the  slope  flattens,  the      capacity  of  the  flow  exceeds  the  ability  of  the 


flow  channel  widens,  ponding  occurs,  or  flow  is 
retarded  by  surface  mulches  or  vegetation. 

The  influence  of  these  various  components  of 
the  soil-erosion  process  can  be  observed  on 
eroded  fields.  On  upslope  areas,  where  there  is  no 
evidence  of  significant  flow  concentration  or 
rilling,  raindrop  detachment  is  satisfying  the 
transport  capacity  of  the  interrill  flow,  or  the 
detachment  capacity  of  the  flow  is  not  sufficient 
to  detach  a  significant  amount  of  soil  from  the 


soil  to  resist  detachment,  and  the  transport  ca- 
pacity of  the  flow  is  unfilled  by  raindrop-de- 
tached particles.  If  rills  have  alluvial  fans,  these 
are  locations  where  the  transport  capacity  was 
not  sufficient  to  carry  the  sediment  load,  and 
deposition  resulted.  Such  observations  indicate 
magnitudes  of  the  erosion  hazards  at  specific 
locations  on  upland  slopes  and  suggest  the  source 
of  the  soil  that  is  eroded  from  the  different  por- 


tions of  the  slope. 

FACTORS  THAT  AFFECT  THE  SOURCE  OF  ERODED  SOIL 


Various  factors  influence  the  erosiveness  of 
rainfall  relative  to  that  of  runoff,  the  contribu- 
tion of  interrill  erosion  sources  relative  to  rill 
erosion  sources,  and  the  rate  of  soil  loss  at  differ- 
ent locations  along  a  slope.  The  following  discus- 
sion indicates  effects  of  rilling,  slope  length, 
slope  steepness,  and  several  other  factors  on  the 
source  of  eroded  soil  as  shown  by  studies  at  Pur- 
due and  from  limited  published  information. 

Influence  of  Rilling 

The  susceptibility  of  sloping  soil  to  rilling  af- 
fects both  the  total  quantity  of  eroded  soil  and 
the  location  on  the  slope  where  the  soil  origin- 
ates. Adjacent  12-  by  35-ft  plots  on  Russell  silt 
loam  were  enlightening  regarding  the  influence 
of  rilling.  Both  plots  appeared  identical  when 
ready  for  testing,  but  plot  R-3  was  three  times 
more  erodible  than  plot  R-4  because  of  manage- 
ment differences  during  the  preceeding  year. 
Plot  R-3  had  been  subjected  to  periodic  rain- 
storms totaling  nearly  20  inches  of  intense  simu- 
lated rain  during  the  previous  summer  and  had 
been  kept  covered  by  plastic  between  such  appli- 
cations. The  rain  caused  much  soil  loss,  and  the 
plot  remained  in  a  condition  comparable  to  a 
tropical  environment  during  most  of  that  sum- 
mer. Although  very  dry  when  plowed  the  follow- 
ing summer,  this  plot  plowed  mellow.  In  contrast, 
plot  R-4  had  no  tillage  during  the  previous  sum- 
mer and  developed  a  heavy  growth  of  native 
vegetation.  It  plowed  very  cloddy  and  had  to  be 
plowed  twice  and  irrigated  before  it  could  be 
worked  into  a  seedbed  condition. 

By  the  time  the  plots  were  prepared  for  rainu- 
lator  (rainfall  simulator)  tests,  they  looked  iden- 
tical, but  their  erodibility  differed  drastically. 
Plot  R-3  rilled  rapidly  and  large  rills  developed, 
beginning  within  a  few  feet  of  the  top  of  the  plot. 


Soil  loss  totaled  1169  lb  from  the  5  inches  of  in- 
tense simulated  rain.  In  contrast,  plot  R-4 
showed  no  evidence  of  rilling  for  the  top  20  ft, 
and  only  minor  rills  developed  beyond  that  point. 
During  the  identical  series  of  rainstorms  applied 
on  R-3,  R-4  lost  only  346  lb  of  soil.  Runoff  on 
rilled  R-3  was  only  7  pet  more  than  for  unrilled 
R-4. 

Interrill  erosion  for  these  two  soil  conditions 
was  found  to  be  almost  identical  during  subse- 
quent studies  in  a  laboratory  soil  pan.  Bulk  sam- 
ples of  each  soil  were  studied  in  a  2-  by  2-ft  soil 
pan  that  was  bounded  all  around  by  an  additional 
1-ft  border  of  soil.  The  pan  was  tilted  to  a  6-pct 
slope,  the  same  steepness  as  the  field  plots,  and 
simulated  rainfall  was  applied  using  the  same 
nozzles,  spray  cycle,  and  intensity  used  on  the 
field  plots.  The  erosion  from  5  inches  of  intense 
rainfall  was  3.37  lb  for  the  R-3  soil  and  3.35  lb 
for  R-4.  Thus,  these  soils  were  essentially  equal 
in  their  susceptability  to  rainfall  detachment  and 
interrill  transport,  so  their  major  difference  in 
erodibiilty  was  due  to  their  susceptibility  to  de- 
tachment by  runoff  as  indicated  by  the  extent 
that  they  rilled. 

Another  rainulator  study,  on  Miami  silt  loam, 
indicated  the  influence  of  rill  frequency  on  ero- 
sion. Based  on  the  data  from  four  plots  as  given 
in  table  1,  denser  rilling  resulted  in  greater  ero- 
sion. Plot  M-l,  12  ft  wide  and  35  ft  long,  was 
smooth  tilled  and  tested  in  this  condition.  Plot 
M-2  of  the  same  size  was  also  smooth  tilled,  but 
a  main  rill  was  formed  down  its  center  with  a 
herringbone  system  of  side  rills  leading  into  it 
at  2-ft  intervals.  Plots  M-3  and  M-4  were  each 
6  ft  wide,  and  each  had  a  main  rill  down  its  cen- 
ter with  side  rills  draining  into  it  in  a  herring- 
bone pattern  similar  to  M-2.  A  series  of  identical 
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Table  1. — Effect  of  rill  frequency  on  soil  ero- 
sion1 

Downslope  Soil  loss 

Plot                   rills  per  12  ft  per  12  ft 

of  width  of  width  (lb) 

M-l  (random  rills)                    3-5  686 

M-3  (herringbone  rills)              2  622 

M-4  (herringbone  rills)               2  609 

M-2  (herringbone  rills)               1  496 


1  Conditions:  Soil — Miami  silt  loam.  Slope  steepness — 
6  pet.  Slope  length — 35  ft.  Rain — 5  inches. 

rainstorms  totaling  5  inches  was  applied  to  all 
plots.  Unrilled  plot  M-l  developed  3  to  5  (depend- 
ing on  the  location)  downslope  rills,  or  an  aver- 
age of  one  rill  per  approximately  3  ft  of  width. 
Plots  M-3  and  M-4  each  had  one  downslope  rill 
per  6  ft,  and  plot  M-2  had  one  rill  per  12  ft.  The 
plot  with  several  rills  had  nearly  40  pet  more 
soil  loss  than  the  one  with  only  one  rill.  Results 
similar  to  those  in  table  1  were  obtained  in  a 
similar  study  on  an  erodible  Russell  silt  loam. 
(Soils  that  do  not  rill  readily  may  not  follow  this 
trend,  since  broader  distribution  of  flow  may  re- 
duce their  total  erosion.) 

Influence  of  Slope  Length 

Slope  length  affects  erosion  because  runoff 
increases  with  distance  from  the  top  of  the  slope. 
The  increased  flow  will  increase  rill  erosion  with 
distance  downslope,  but  erosion  from  successive 
interrill  areas  should  not  be  influenced  much  by 
slope  length.  Hence,  the  rate  at  which  total  soil 
loss  increases  with  distance  depends  on  the  rela- 
tive contributions  of  interrill  erosion  and  rill  ero- 
sion. Total  soil  loss  increases  more  rapidly  with 
distance  for  a  soil  that  is  susceptible  to  rilling 
than  for  one  that  is  not  particularly  susceptible. 

Data  from  previously  discussed  plots  R-3  and 
R-4  support  this  conclusion.  Soil  surface  profiles 
were  obtained  before  and  after  a  series  of  simu- 
lated rainstorms.  Elevations  were  taken  at  1- 
inch  intervals  across  these  plots  at  successive  5- 
ft  locations  downslope  using  a  "profilemeter" 
(6) .  Although  variability  of  the  data  was  great, 
trends  of  these  measurements,  as  plotted  in  fig- 
ure 1,  suggest  how  erosion  varied  with  slope 
length.  On  rill-susceptible  plot  R-3,  the  erosion 
loss  at  successive  downslope  sections  increased 
rapidly  with  distance.  However,  soil  losses  at 
successive  sections  for  rill-resistant  plot  R-4 
changed  little  with  slope  length  beyond  the  top 
5  to  10  ft.  Since  the  soil  pan  results  showed  that 
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Figure  1. — Soil  losses  from  rill-susceptible  plot  R-3  and 
rill-resistant  plot  R-4  as  they  varied  with  slope 
length.  L  =  35  ft.  S  =  6  pet.  Rain  totaled  5  inches  at 
2.5  inches/h. 

interrill  losses  were  similar  on  both  plots,  the 
rapid  increase  in  soil  loss  with  distance  for  plot 
R-3  was  surely  due  to  its  increased  rilling  with 
distance  downslope. 

The  two  curves  in  figure  1  suggest  how  soil 
losses  from  conditions  represented  by  plots  R-3 
and  R-4  vary  with  slope  length.  Assuming  that 
these  curves  can  be  reasonably  extrapolated  to  a 
slope  length  of  50  ft,  these  data  suggest  that  con- 
ditions like  R-3  would  lose  less  than  10  pet  of 
their  eroded  soil  from  the  top  10  ft  of  a  50-ft 
length  of  slope,  whereas  nearly  30  pet  would  be 
lost  from  the  last  10-ft  section.  For  soils  like 
R-4  with  little  susceptibility  to  rilling,  however, 
the  total  loss  would  be  much  lower  and  distribu- 
tion would  vary  only  slightly  from  20  pet  for  any 
of  the  five  10-ft  sections. 

The  profilemeter  measurements  were  used  to 
apportion  the  soil  loss  from  plot  R-3  between 
that  occurring  from  the  rilled  portions  and  that 
from  the  interrill  portions.  Results  are  shown  in 
figures  2  and  3a.  Nearly  all  the  loss  near  the  top 
of  this  plot  was  from  the  interrill  portion.  There- 
after, rill  losses  increased  rapidly  with  distance 
until  they  equaled  the  cross-sectional  area  of  loss 
for  the  interrill  portion  at  about  25  ft  downslope. 
By  this  distance,  the  erosion  on  the  interrill  por- 
tions was  essentially  constant. 

Although  cross-sectional  area  of  loss  from  rills 
and  from  interrill  areas  was  equal  at  about  25  ft 
downslope,  the  cumulative  volume  of  soil  eroded 
from  the  rilled  portions  would  not  equal  that 
from  the  interrill  portions  until  about  45  ft 


downslope  (fig.  3&).  In  other  words,  the  sedi- 
ment load  at  about  45  ft  would  have  been  com- 
posed equally  of  soil  originating  from  the  rills 
and  of  soil  from  the  interrill  portions.  Beyond 
that  point,  more  than  half  the  eroded  soil  would 
have  been  derived  from  rill  portions.  More 
studies  on  longer  slopes  are  needed  to  better  de- 
fine curves  of  the  type  in  figures  1,  2,  and  3,  and 
to  help  identify  the  sources  of  eroded  soil  beyond 
the  range  of  the  reported  data. 

The  results  in  figure  1  show  that  the  source 
of  eroded  soil  and  the  influence  of  rilling  were 
quite  different  for  the  R-4  soil  than  for  the  R-3 
soil.  For  the  relatively  short  slopes  that  were 
studied,  R-4  had  minor  rill  losses,  and  nearly  all 
soil  came  from  the  interrill  portions.  On  longer 
slopes,  this  soil  would  likely  become  susceptible 
to  serious  rilling  also.  Probably  curves  similar 
to  those  shown  in  figures  2  and  3  would  eventu- 
ally develop  for  R-4,  but  such  curves  would  be 
greatly  elongated  along  the  "distance  down- 
slope"  axis.  Again,  further  studies  to  identify 
these  differences  are  needed. 

The  influence  of  slope  length,  L,  on  the  aver- 
age erosion,  A,  per  unit  of  area  for  a  given  slope 
is  commonly  expressed  as  A  a  Ln  (19,24).  Anal- 
yses of  available  data  (20)  showed  that  n  may 
vary  from  0  to  0.9. 6  Values  near  w=0.5  have  been 

6  Soil  loss  may  be  expressed  as  all  loss  from  a  slope,  G; 
as  the  loss  averaged  over  the  entire  slope  length,  Aa;  or 
as  the  loss  at  successive  cross  sections,  Ax.  The  influence 
of  slope  length  L,  on  each  may  be  expressed  as  G^Lnt, 
AaccLna,  and  AxccLnx.  The  exponents,  na  =  nx,  and  nt  = 
na+l=nx-kl,  e.g.  AQocL0  3  and  AxccL0-5  when  G  oc  I,1-5. 
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Figure  2. — Rill  losses  for  plot  R-3,  as  determined  from 
microrelief  data,  and  interrill  losses,  computed  as 
difference  between  total  R-3  erosion  in  figure  1  and 
rill  losses. 
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Figure  3. — Eroded  soil  apportioned  between  rill  and  in- 
terrill sources  for  rill-susceptible  plot  R-3. 


used  for  most  circumstances  (19) .  Recent  analy- 
tical studies  strongly  indicate  that  the  value  of 
this  exponent  depends  on  the  relative  suscepti- 
bility of  different  soils  to  rilling  and  the  result- 
ing ratio  of  rill  erosion  to  interrill  erosion  (k, 
7) .  For  slopes  where  soil  loss  is  primarily  from 
rills,  the  exponent  will  approach  1,  but  it  will  ap- 
proach zero  where  erosion  is  dominantly  from 
the  interrill  portions.  This  trend  is  clearly  sup- 
ported by  the  data  presented  in  figure  1,  since 
the  exponent  n  in  the  equation  is  the  inclination 
of  these  curves. 

Other  data  on  soil  loss  at  successive  cross  sec- 
tions is  scarce.  Smith  et  al.  (15)  studied  the  ero- 
sion loss  along  five  plots  with  lengths  up  to  270 
ft.  Measurements  were  made  at  downslope  inter- 
vals of  10  ft  during  1934  through  1939.  Average 
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depths  of  erosion,  except  for  the  lower  20  or  30 
ft  where  the  plot-end  sill  affected  them,  are 
shown  in  figure  4.  The  relationship  of  best  fit  for 
the  270-ft  plot  data  was  reported  as  ?/=0.010a;u-57, 
where  y  was  the  average  depth  of  soil  loss  in  feet 
and  x  was  slope  distance  in  feet.  However,  the 
data  from  all  plots  as  plotted  in  figure  4  suggest 
that  a  lower  exponent,  near  0.4,  would  fit  these 
results  better,  but  a  curve  of  increasing  gradient 
would  fit  them  best. 

Young  and  Mutchler  (23)  also  measured  the 
average  loss  at  various  intervals  downslope  for 
several  slope  shapes.  Their  results  are  plotted  in 
figure  5.  The  slope  of  the  log-log  curve  for  the 
uniform  slope  data  tends  to  increase  with  dis- 
tance. This  agrees  with  analytical  results  (-4,  7) 
which  showed  that  the  slope  n  increases  with  in- 
creasing slope  length  because  rill  erosion  in- 
creases faster  than  interrill  erosion.  Note  that 
the  results  plotted  in  figures  4  and  5  lump  rill 
and  interrill  erosion  for  these  plots. 

Influence  of  Slope  Steepness 

Land  slope  affects  the  source  of  eroded  soil  in 
several  ways.  Most  obvious  is  the  effect  of  the 


nominal  steepness  of  an  entire  sloping  area  as 
commonly  used  in  the  universal  soil  loss  equation 
(19)  for  measuring  gross  soil  losses.  In  addition 
to  such  macroslope  of  an  upland  area,  there  are 
several  microslope  influences  such  as  the  relief 
between  crop  rows  on  the  interrill  slope,  the 
meandering  of  rills  and  other  flow  channels  as 
they  move  generally  downslope  but  with  some 
lateral  components,  and  the  meandering  of  flow 
around  crop  residues  and  other  cover. 

The  universal  soil  loss  equation  relates  the 
cross-sectional  area  of  soil  loss  with  slope  steep- 
ness, S,  as  A  «  0.43+0.30S+0.043S2.  This  rela- 
tionship is  an  average  for  many  conditions  and 
lumps  the  soil  loss  from  rills  with  that  from 
interrill  areas.  Solving  this  equation  shows  that 
erosion  increases  quite  rapidly  with  slope  steep- 
ness on  the  field  length  slopes  for  which  it  was 
developed.  For  instance,  if  the  soil  loss  for  a  2 
pet  slope  is  taken  as  1.0,  the  loss  for  the  same 
length,  soil,  etc.,  at  6  pet  will  be  3.1,  the  loss  at 
12  pet  will  be  8.5,  and  the  loss  at  20  pet  will  be 
19.6. 

Recent  research  at  Lafayette  has  shown  that 
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Figure  4.— Average  depth  of  soil  loss  as  affected  by  slope  length  for  five  plots  under  continuous  corn,  1934-39.  Shelby 
loam,  S  =  10  pet,  plot  width  28  ft.  Gradients  shown  suggest  that  curved  line  of  increasing  slope  would  give  best  fit. 
(Adapted  from  Smith  et  al.,  15.) 
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Figure  5. — Erosion  of  three  mechanically  shaped  slopes 
from  5  inches  of  intense  simulated  rain.  Crofton  silt 
loam  (deep  loess  soil)  13-1/3  ft  wide,  9  pet  average 
steepness  (range  of  concave  and  convex  5  to  15  pet) . 
(Adapted  from  Young  and  Mutchler,  23.) 


breakdown  by  raindrop  impact,  and  other  factors 
doubtless  affect  this  relationship. 

On  silt  loam  soils  and  others  where  the  rela- 
tively small  change  in  interrill  erosion  with  slope 
steepness  expressed  in  figure  6  is  appropriate, 
the  amounts  of  soil  eroded  from  the  interrill 
areas  and  from  the  rills  vary  quite  differently 
with  slope  steepness.  Interrill  erosion  will  be 
appreciable  at  even  small  steepnesses  but  may 
increase  relatively  little  for  steeper  slopes.  In 
contrast,  the  influence  of  steepness  on  losses 
from  rills  may  be  very  great  as  the  slope  steep- 
ens. The  net  effect  of  losses  from  interrill  areas 
and  from  the  rill  areas  may  be  expected  to  ap- 
proximate the  relationship  used  in  the  universal 
soil  loss  equation. 

The  relatively  small  influence  of  slope  steep- 
ness on  short  interrill  areas  was  also  hinted  by 
Young  and  Mutchler  (22).  Using  small  tillage 
channels  with  furrow,  side  angles  of  different 
steepnesses,  they  obtained  results  suggesting 
that  a  wide  range  of  slope  steepness  affected  ero- 


soil  losses  on  short  interrill  areas  do  not  follow 
this  type  of  relationship.  Instead,  slope  steepness 
has  much  less  effect  on  interrill  losses,  as  shown 
in  figure  6.  Considerable  erosion  occurs  even 
when  the  soil  surface  is  level,  but  the  increase 
with  slope  steepness  over  a  broad  range  of  steep- 
nesses is  relatively  small.  Erosion  only  doubled 
for  a  steepness  change  from  2  to  20  pet  as  com- 
pared to  the  nearly  20-fold  increase  predicted 
above.  Above  20  pet,  the  erosion  rate  tended  to 
level  off,  as  also  shown  by  Foster  and  Martin  (8) 
for  some  conditions.  They  found  that,  depending 
on  bulk  density,  erosion  on  short  slopes  from  33 
to  100  pet  reached  a  maximum  and  then  de- 
creased as  the  slope  steepened.  A  logical  explan- 
ation is  simply  that  the  rate  of  soil  detachment 
by  rainfall  changes  slowly  as  slope  steepness  in- 
creases and  that  this  largely  governs  the  rate  of 
soil  loss.  A  slight  increase  in  detachment  rate 
probably  occurs  as  the  raindrops  strike  at  a 
greater  and  greater  angle,  but  this  effect  should 
not  cause  a  major  change  in  total  splash  detach- 
ment. Some  particles  and  aggregates  probably 
cannot  be  transported  at  small  slope  steepnesses, 
but  most  apparently  can.  The  transport  capacity 
of  interrill  flow  is  believed  to  increase  rapidly  as 
slope  steepens;  hence  the  availability  of  detached 
soil  must  be  the  primary  limiting  factor.  Soil 
texture,  aggregation,  susceptibility  to  aggregate 
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Figure  6. — Eelation  of  soil  loss  to  slope  steepness  on 
short  interrill  areas.  Miami  silt  loam.  Soil  pan  size 
2  ft  by  2  ft.  Rain  intensity  2.5  inches/h.  (Data  in 
top  graph  adapted  from  Lattanzi,  .9.) 
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sion  very  little  for  interrill  areas  varying  from 
4  to  16  inches  in  length.  Although  their  results 
were  not  conclusive,  they  support  the  findings  in 
the  soil-pan  studies  discussed  above. 

No  experimental  data  are  available  that  de- 
scribe rill  erosion  alone  as  a  function  of  slope 
steepness.  However,  the  tractive  force,  a  meas- 
ure of  detachment  potential  of  flow,  increases 
with  slope  steepness,  and  thus  rill  erosion  may 
be  expected  to  increase  with  steepness. 

Another  very  important  effect  of  slope  steep- 
ness is  its  influence  on  the  transport  capacity  of 
the  flow.  Most  sediment-transport  relationships 
show  transport  capacity  to  change  with  some 
power  greater  than  2  of  the  slope  of  the  energy 
gradeline.  For  unobstructed  overland  flow,  this 
gradeline  is  approximately  equal  to  the  land 
slope.  Thus,  where  land  slope  increases  appre- 
ciably, transport  capacity  increases  rapidly; 
conversely,  where  steepness  decreases,  transport 
capacity  rapidly  decreases.  In  the  latter  case, 
transport  capacity  may  decrease  to  less  than  the 
sediment  load  and  deposition  may  occur.  Deposi- 
tion often  occurs  at  the  toe  of  the  slope  or  where 
obstructions  such  as  vegetation,  plant  residues, 
and  tillage  channels  slow  or  pond  the  flow  and 
thus  reduce  the  slope  of  the  energy  gradeline. 
The  rate  of  deposition  is  apparently  related  to 
the  difference  between  the  sediment  load  and  the 
transport  capacity  (2, 4) . 

Influence  of  Slope  Shape 

The  shape  of  an  irregular  slope  affects  soil 
erosion  through  the  influences  of  slope  length 
and  slope  steepness  and  their  interrelationships. 
Where  both  length  and  steepness  are  great,  ero- 
sion may  be  expected  to  be  great;  where  both  are 
small,  erosion  will  be  small.  Where  slope  steep- 
ness decreases  as  slope  length  increases,  the  ef- 
fects will  tend  to  offset  each  other.  Such  effects 
have  been  studied  both  analytically  and  experi- 
mentally. 

The  analytical  results  (11-13)  are  summar- 
ized in  figure  7.  Slopes  of  these  sediment-load 
curves  indicate  the  rate  of  erosion  at  any  loca- 
tion. Erosion  at  successive  points  downslope  in- 
creases gradually  for  uniform  slopes.  Losses  for 
convex  slopes  are  lesser  near  the  top  but  increase 
■  very  rapidly  toward  the  end  of  the  slope.  For 
concave  slopes,  losses  are  greater  near  the  top  of 
the  slope  but  decrease  along  the  lower  portions 
to  the  extent  that  deposition  may  occur.  For  com- 
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Figure  7. — Influence  of  slope  shape  on  sediment  load  and 
rate  of  erosion.  Steepness  of  sediment-load  curves 
indicates  rate  of  erosion,  and  negative  slope  indi- 
cates deposition. 


plex  slopes  with  their  upper  half  convex  and 
lower  half  concave,  sediment  load  increases  to  a 
point  approaching  the  toe  of  the  slopes,  and 
thereafter  deposition  may  occur.  The  magnitude 
of  the  erosion  and  the  location  where  deposition 
begins  are  functions  of  several  factors  including 
the  relative  susceptibility  of  the  soil  to  rill  and 
to  interrill  erosion,  the  curvature  of  the  slope, 
and  the  runoff  rate. 

Experimental  studies  (21,23)  have  generally 
supported  the  analytical  conclusions.  Data  for 
carefully  shaped  slopes  of  uniform,  convex,  and 
concave  shapes  on  a  deep  loess  soil  of  uniform 
composition  are  shown  in  figure  5.  Serious  rill- 
ing occurred  on  these  plots,  but  the  extent  of  the 
interrill  erosion  was  not  determined. 

Influence  of  Soil-Surface  Canopy 

A  significant  canopy  over  the  soil  surface  may 
greatly  reduce  the  total  soil  loss  and  also  increase 
the  percentage  coming  from  the  rilled  portions 
as  compared  to  that  from  the  unrilled  portions. 
Several  soils  were  studied  in  the  field  and  in  the 
2-ft-square  laboratory  soil  pan  to  determine  the 
effect  of  intercepting  raindrops  before  they 
could  strike  the  soil  surface.  Three  layers  of  win- 
dow screens  were  suspended  several  inches  above 
the  soil  surface  which  had  just  received  5  inches 
of  intense  rain.  The  screen  reduced  erosion  on 


the  field  plots  to  less  than  25  pet  the  erosion  with- 
out screens.  The  reduction  was  generally  much 
greater  on  the  soil  pan  where  the  loss  was  only 
about  10  pet  the  loss  from  uncovered  soil.  Sam- 
ple data  from  fallow,  smooth-tilled  soils  for  two 
rainfall  intensities  are  given  in  table  2. 

The  field  plots  were  approximately  100  times 
the  area  of  the  lab  pans.  Thus,  table  2  indicates 
that  about  half  the  loss  from  the  field  plots  came 
from  the  interrill  areas  when  exposed  to  rain- 
drop impact,  but  only  a  fourth  of  the  loss  was 
from  the  interrill  areas  when  covered  with  a 
screen  canopy.  This  relation  held  at  both  2^2- 
and  5-inch/h  intensities.  Since  rill  plus  interrill 
erosion  for  the  screen-covered  plots  was  only 
half  that  attributed  to  rill  erosion  alone  on  the 
exposed  plots,  the  screen  canopy  reduced  rill  ero- 
sion also.  Whereas  the  screens  reduced  interrill 
erosion  on  the  field  plots  by  about  90  pet,  the  rill 
reduction  was  apparently  around  60  pet. 

The  data  in  table  2  also  show  that  increasing 
the  rainfall  intensity  from  2.5  to  5.0  inches/h 
had  about  the  same  percentage  effect  on  erosion 
for  both  the  field  plots  and  the  lab  pan.  However, 
the  intensity  effect  was  greater  without  screen 
(erosion  increased  about  2.5  times)  than  with 
screen  (erosion  increased  2.0  to  2.3  times)  for 
both  the  plots  and  the  pan.  Since  the  runoff  rate 
from  the  5-inch/h  rain  intensity  was  greater 
than  twice  that  from  the  2. 5-inch/h  intensity 
(assuming  a  significant  infiltration  rate),  the 
increase  in  erosion  due  to  intensity  effect  was 
little  more  than  directly  related  to  the  increase 
in  runoff. 

Influence  of  Breakdown  in 
Erosion  Resistance 

Recent  studies  have  shown  that  once  sloping 
land  succumbs  to  severe  erosion,  a  factor  such  as 
slope  length  may  have  a  much  greater  influence 
on  the  erosion  rate.  Results  indicate  that  such  a 
"breakdown"  starts  when  rapid  rill  development 
begins  and  progresses  rapidly  as  the  erosion  haz- 
ard increases. 

In  one  study  (10),  a  series  of  intense  simu- 
lated rainstorms  applied  on  35-ft  plots  was  fol- 
lowed by  additions  of  inflow  to  the  upper  ends 
of  the  plots.  Inflow  rates  were  increased  in  steps 
until  the  runoff  rate  was  equivalent  to  2  inches/h 
from  a  slope  length  of  approximately  150  ft. 
Some  treatments  broke  down  from  rainfall  alone 
on  the  35-ft  lengths.  Others  did  not  break  down 


Table  2. — Influence  of  screen  canopy  on  erosion 
from  field  plots  and  soil  pans 

Erosion  rate1  (lb/min) 

Rain  Lab  pan  ~. Field  plot 

Soil  intensity  

(inches/h)  Without  With  Without  With 
screen  screen  screen  screen 

Miami 

(M-l)    2%      0.0315      0.0042       6.6  1.8 

Do   5  .0785       .0088     17.0  3.3 

Russell 

(R-3)    2Yz       .0331       .0040       6.6  1.5 

Do   5  .0842       .0095      18.5  3.7 

1  During  15-min  runs  following  5  inches  of  intense 
rain. 

even  with  inflow  sufficient  to  simulate  a  150-ft 
slope  length.  However,  several  treatments  that 
were  not  seriously  erodible  at  35  ft  subsequently 
broke  down  and  were  eroding  at  very  rapid  rates 
by  the  time  the  extreme  condition  was  reached. 
Examples  of  these  three  erodibility  results  are 
shown  in  figure  8.  Note  that  erosion  rate  before 
breakdown  is  a  quite  different  function  of  slope 
length  than  after  breakdown.  For  such  condi- 
tions, the  location  where  eroded  soil  originates 
along  a  slope  would  be  quite  different  than  that 
predicted  by  a  single  straight  line  drawn  through 
either  of  the  center  two  sets  of  data  in  figure  8 
or  by  a  slope-length  formula,  E  Ln,  fitted  to 
such  logarithmically  transformed  data. 

In  another  study,  rill  erosion  at  successive 
cross  sections  was  investigated  on  several  soils. 
Rills  were  preformed  with  semicircular  cross 
sections,  3  inches  wide  and  1-1/2  inches  deep. 
They  were  constructed  directly  downslope  with 
inflow  from  a  herringbone  system  of  side  rills  at 
2-ft  intervals.  A  "rillmeter"  (6)  was  used  to  ob- 
tain elevations  at  1/4-inch  intervals  across  the 
rills  prior  to  each  of  several  successive  rain- 
storms. Sample  data  for  losses  from  5  inches  of 
rain  are  given  in  figure  9.  Note  that  rill  erosion 
changed  relatively  slowly  with  the  slope  length 
until  serious  erosion  began,  and  thereafter  it  in- 
creased more  rapidly.  Again,  the  slope-trend 
changed  near  the  locations  where  severe  rill  ero- 
sion began. 

Influence  of  Soil  Source  on 
Particle-Size  Characteristics 

The  location  where  eroded  soil  originates  and 
the  erosive  agents  that  are  dominant  in  detach- 
ing and  transporting  it  can  significantly  affect 
the  particle-size  characteristics  of  the  resulting 
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Figure  8. — Effect  of  slope  length  on  soil  erosion  as  in- 
fluenced by  "breakdown"  due  to  severe  rilling.  Win- 
gate  subsoil,  S  =  20  pet. 

sediment.  For  cohesive  soils,  eroded  material 
consists  mainly  of  soil  aggregates  (16,  17).  Ag- 
gregates apparently  behave  similarly  to  nonco- 
hesive  particles  during  transport  and  deposition 
(5,  7),  so  their  size  and  density  must  be  consid- 
ered in  sediment-transport  analyses.  The  size 
distribution  of  both  aggregates  and  primary  par- 
ticles may  differ  from  that  of  the  original  soil 
(17)  and  may  change  with  storm  duration  (16). 
Raindrop  impact  tends  to  break  soil  into  smaller 
aggregates,  primary  particles,  or  both,  and  rain 
effects  are  generally  much  greater  on  exposed 
interrill  areas  than  within  the  rills. 

The  range  in  sizes  and  densities  of  detached 
soil  material  that  is  available  for  transport  may 
result  in  selective  erosion.  Such  selectivity  was 
illustrated  by  textural  differences  of  the  runoff 
sediment  from  plots  R-3  and  R-4.  Sediment  sizes 
for  samples  collected  at  various  times  during  a 
simulated  rainstorm  are  plotted  in  figure  10. 
Sediment  from  R-3,  characterized  by  severe  rill- 
ing, approached  the  textural  composition  of  the 
original  soil  as  the  storm  progressed.  However, 
the  sediment  texture  of  plot  R-4,  for  which  sedi- 
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ment  from  interrill  areas  dominated,  differed 
appreciably  from  that  of  the  original  soil  during 
the  entire  storm.  The  finer  silt  and  clay  fractions 
were  higher,  while  the  sand  fraction  was  much 
lower.  A  logical  conclusion  is  that  interrill  flow 
was  unable  to  transport  some  of  the  larger  de- 
tached soil  particles,  so  greater  percentages  of 
finer  sizes  were  eroded  from  the  interrill  areas 
of  both  plots.  On  plot  R-4,  where  interrill  areas 
were  the  dominant  source,  this  resulted  in  eroded 
material  of  finer  texture  than  the  original  soil. 
However,  on  plot  R-3,  where  massive  rilling  was 
also  a  major  source  of  eroded  soil,  size  selectivity 
on  the  interrill  portions  was  masked  by  the  much 
less-selective  rill  erosion. 

Particle  and  aggregate  size  selectivity  may 
also  result  from  deposition  of  part  of  the  sedi- 
ment load.  Deposition  may  occur  when  runoff 
velocity  is  reduced  by  vegetation,  mulch,  or  de- 
creased slope  steepness,  so  that  the  coarser  and 
denser  materials  can  no  longer  be  transported. 
Smaller  particles  and  aggregates  will  then  be  a 
larger  percentage  of  the  remaining  sediment 
load.  Young  and  Mutchler  (21)  found  that  the 
size  distribution  of  primary  particles  from  a  con- 
cave slope  was  much  finer  than  for  the  original 
soil,  apparently  largely  because  of  deposition  of 
larger  aggregates  and  sand  particles  along  the 
flatter  portion  near  the  toe  of  this  concave  slope. 
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Figure  9. — Rill  erosion  in  preformed,  downslope  rills  as 
affected  by  slope  length.  Rainfall  totaled  5  inches  at 
2.5  inches/h,  S  =  6  pet. 
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Figure  10. — Textural  differences  between  eroded  sedi- 
ment and  original  soil  for  rill-susceptible  plot  R-3 
and  rill-resistant  plot  R-4  during  first  60  min  of  rain. 

The  original  soil  was  22  pet  clay,  29  pet  silt,  and 
49  pet  sand,  but  the  concave-slope  sediment  was 
composed  of  39  pet  clay,  37  pet  silt,  and  24  pet 
sand  during  the  first  hour  of  rainfall.  On  uni- 
form and  convex  slopes,  where  deposition  was 
minor,  the  sediment  size  distribution  was  nearer 
the  original  soil:  31,  35,  and  34  pet;  and  31,  30, 
and  39  pet,  respectively  Possibly  most  of  the 
latter  selectivity  was  due  to  selective  erosion  on 
interrill  areas,  as  discussed  earlier. 

Sediment  Source  as  a  Design  Consideration 

A  land-management  planner  may  need  to  sat- 
isfy various  design  criteria  when  developing  ero- 
sion-control practices.  Limitations  may  be  based 
on  the  tolerable  level  of  soil  loss  from  land  in- 
volved, the  quantity  of  soil  acceptable  in  streams 
and  lakes  below  the  sediment  source,  the  physi- 
cal, chemical  and  biological  quality  of  eroded 
sediment,  or  combinations  of  these  criteria. 


Soil-loss  tolerances  have  been  based  predomi- 
nantly on  the  quantity  of  soil  eroded  from  an  up- 
land area  averaged  over  the  entire  area.  Little 
attention  has  been  given  to  limiting  the  soil-loss 
rate  on  each  portion  of  a  sloping  area  to  prevent 
serious  degradation.  By  learning  more  about  the 
source  of  eroded  soil  all  over  a  sloping  area,  pre- 
vention of  excessive  losses  at  all  points  can  be  a 
design  consideration. 

To  develop  designs  that  limit  downstream 
sediment  loads  to  acceptable  amounts,  practices 
that  encourage  deposition  of  soil  eroded  from  up- 
land areas  before  it  reaches  an  established  water- 
course may  have  a  significant  effect.  The  extent 
of  such  deposition  often  depends  on  sediment 
characteristics  as  they  are  influenced  by  the 
sediment  source.  Failure  to  consider  this  effect 
has  often  explained  much  of  the  difference  be- 
tween the  erosion  predicted  by  the  universal  soil 
loss  equation  and  the  actual  delivery  to  a  down- 
stream point.  Furthermore,  knowledge  of  the 
sediment  characteristics  that  influence  their 
tendency  to  settle  out  in  streams  and  reservoirs 
may  also  be  an  important  consideration.  Again, 
better  understanding  of  the  source  of  the  eroded 
sediment  provides  needed  information  for  such 
considerations. 

The  chemical  and  biological  pollutants  that  are 
carried  by  eroded  soil  are  receiving  more  and 
more  attention.  The  very  fine  colloidal  fraction, 
consisting  of  clay  particles  plus  organic  and  in- 
organic amorphous  constituents,  is  usually  the 
carrier  of  soilborne  pollutants  and  nutrients  (1, 
1  A) .  Thus,  the  portion  of  the  sediment  that  is  this 
fine  fraction  and  the  source  from  which  it  came 
is  an  important  consideration  in  assessing  the 
sediment's  pollution  potential.  Also,  material 
eroded  from  the  soil  surface,  as  is  common  from 
the  interrill  portions,  may  have  a  quite  different 
concentration  of  pollutants  than  that  eroded 
from  an  inch  or  more  beneath  the  surface  in  the 
rilled  portions.  Similarly,  soil  eroded  from  one 
part  of  an  upland  slope  may  differ  in  chemical 
composition  from  that  eroded  from  another  part. 
Thus,  when  sediment  characteristics  are  impor- 
tant in  design,  the  source  from  which  eroded  soil 
originated  must  again  be  a  consideration. 

Erosion-control  designs  based  primarily  on 
the  quantity  of  soil  loss  will  continue  to  be  im- 
portant from  the  viewpoints  of  land  farmability, 
stream  and  reservoir  sedimentation,  and  similar 
considerations.  However,  additional  emphasis  on 
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reducing  the  loss  of  the  very  fine  soil  fraction 
appears  to  merit  increased  effort.  The  fine  frac- 
tion is  of  greatest  importance  in  soil  fertility, 
water-holding  capacity,  and  physical  structure; 
it  is  the  most  difficult  to  remove  by  settling 
processes  in  water  turbidity  treatment;  it  car- 
ries the  bulk  of  the  soilborne  chemical  and  bio- 
logical pollutants;  and  conservation  practices 
that  control  its  loss  certainly  will  reduce  the  loss 
of  larger  soil  fractions  and  the  total  soil  loss.  On 
land  where  a  significant  portion  of  the  eroded 
sediment  comes  from  interrill  erosion,  minimiza- 


tion of  raindrop  impact  effects  will  reduce  the 
production  of  fine  sediment.  Also,  reduction  of 
raindrop  effects  is  very  important  when  a  pol- 
lutant is  concentrated  at  the  soil  surface.  Plant 
canopies,  plant  residues,  and  other  surface 
mulches  are  particularly  effective  in  reducing 
raindrop  impact.  However,  the  contribution  of 
fine  sediment  from  rill  erosion  must  not  be  over- 
looked. The  percentage  of  fine  particles  in  rill- 
eroded  sediment  may  be  smaller,  but  where  rill 
erosion  is  dominant,  its  large  volume  of  sediment 
production  will  also  produce  much  fine  material. 


SUMMARY 


Knowledge  of  the  source  of  eroded  soil  can  be 
very  helpful  in  determining  its  physical,  chemi- 
cal, and  biological  characteristics.  Such  charac- 
teristics are  of  great  importance  in  assessing  the 
pollution  potential  of  eroded  material  and  in  de- 
veloping effective  erosion-control  practices.  Re- 
cent research  has  helped  explain  how  sediment 
source  is  affected  by  soil  rilling,  slope  length, 
slope  steepness,  surface  cover,  and  other  factors. 


Division  of  the  source  between  that  from  inter- 
rill areas  and  that  from  rill  areas  provides  an  ap- 
proach that  is  very  useful,  analytically  and  ex- 
perimentally. The  significance  of  each  of  the 
above  factors  on  rill  and  interrill  erosion  was  dis- 
cussed to  the  extent  that  data  were  available.  The 
results  show  how  such  information  can  be  used 
to  better  describe  the  process  of  soil  erosion  by 
water. 
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MATHEMATICAL  SIMULATION  OF  UPLAND  EROSION 
BY  FUNDAMENTAL  EROSION  MECHANICS 

By  G.  R.  Foster2  and  L.  D.  Meyer3 


Sediment  load  and  erosion  (or  deposition) 
rate  predictions  are  highly  beneficial  as  a  design 
tool  in  developing  plans  to  control  sediment  loss 
and  erosion  damage  on  upland  areas.  Although 
several  types  of  prediction  techniques  are  poten- 
tially useful  for  this  purpose,  the  discussion  here- 
in will  be  limited  to  deterministic  formulations. 
The  approach  is  based  on  physical  principles  of 
hydrology,  hydraulics,  sediment  transport,  and 
erosion  mechanics.  The  purpose  of  the  simula- 
tion is  to  predict  sediment  loads  and  erosion  or 
deposition  rates  for  all  locations  within  an  up- 
land area  and  for  all  times  during  an  erosion 
event.  In  addition  to  providing  estimates  of  sedi- 
ment yield,  this  comprehensiveness  provides  in- 
formation that  can  be  used  in  controlling  local 
erosion  hazards  within  the  upland  area.  Other- 
wise, such  hazards  could  not  be  considered  in  the 
design  analysis. 

For  our  purposes,  any  area  within  a  water- 
shed where  runoff  would  be  considered  overland 


flow  in  a  hydrologic  analysis  is  an  upland  area. 
As  figure  1  illustrates,  both  hillsides  and  bottom 
lands  are  included.  Consequently,  the  deposition 
process  that  will  be  considered  is  that  which 
often  occurs  when  overland  flow  reaches  the 
bottom  lands,  carrying  eroded  sediment  from 
the  hillsides. 


Defined 
Channel 


Upland 


Figure  1. — Definition  sketch  of  an  upland  area. 


CONCEPTUAL  CONSIDERATIONS 


The  erosion  process  is  divided  into  interrill 
erosion  and  rill  erosion  according  to  source  of 
the  eroded  sediment  (19)  .4  In  general,  runoff  on 
erodible  soil  surfaces  concentrates  in  many 
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small,  definable  flow  concentrations  (6).  Ero- 
sion occurring  in  these  channels  (rills)  is  defined 
as  rill  erosion,  while  erosion  occurring  on  the 
areas  between  the  rills  is  defined  as  interrill  ero- 
sion. This  separation  is  comparable  to  dividing 
the  runoff  process  for  a  watershed  into  the  over- 
land-flow and  channel-flow  phases. 

The  mechanics  of  soil  erosion  follows  from  the 
definition  that  erosion  is  a  process  of  detachment 
and  transportation  of  soil  material  by  erosive 
agents  (-4) .  For  water  erosion,  these  agents  are 
rainfall  and  runoff.  Based  on  this  definition,  the 
mechanics  of  erosion  is  composed  of  four  sub- 
processes:  detachment  by  rainfall,  transport  by 
rainfall,  detachment  by  runoff,  and  transport  by 
runoff.  Although  not  all  of  the  subprocesses  oc- 
cur on  all  source  areas,  each  has  its  part  in  the 
total  erosion  process. 
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BASIC  EQUATIONS 

The  basic  governing  equation  of  the  erosion 
process  is  the  equation  of  continuity  for  sediment 
transport  (8): 

*G/*x=Dr+Dit  (1) 


where  G=sediment  load  (weight/time/unit  of 
cross-section  width,  including  total 
interrill  and  rill  widths) , 
x= distance  downslope, 
Dr= detachment  (or  deposition)  rate  of 
rill  erosion  (weight/time/unit  of 
total  area,  including  rill  and  interrill 
areas), 

and  D,=delivery  rate  of  particles  detached 
by  interrill  erosion  to  rill  flow 
(weight/time/unit  of  total  area) . 

Equation  1  is  a  mathematical  description  of 
the  conceptual  model  of  Meyer  and  Wischmeier 
(22) ,  which  is  shown  in  figure  2.  As  presented  by 
figure  2,  the  various  processes  do  not  interact 
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Figure  2. — Conceptual  model  used  by  Meyer  and  Wisch- 
meier (5)  to  simulate  the  soil  erosion  process. 


other  than  in  the  manner  indicated  by  equation  1. 
For  example,  if  detachment  is  the  limiting  fac- 
tor, the  rate  of  detachment  by  flow  is  not  a  func- 
tion of  sediment  load.  However,  erosion  tests  on 
beds  of  cohesionless  particles  showed  that  de- 
tachment by  flow  is  a  function  of  sediment  load 
(21, 37) .  Degradation  by  streamflow  below  dams 
is  also  indicative  of  this  interaction.  A  concep- 
tual explanation  as  given  by  figure  3  is  discussed 
by  Foster  and  Meyer  (8).  Equation  2  expresses 
this  concept  in  equation  form. 


Dr/Dc+G/Tc=l 


(2) 


where 


and 


Dc=the  detachment  capacity  of  the  rill 
flow, 

!Fc=the  transport  capacity  of  the  rill 
flow. 


Equation  2  has  not  been  experimentally  veri- 
fied and  should  be  regarded  as  a  first  approxi- 
mation of  the  concept. 
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Figure  3. — Flow  detachment-sediment  load  interaction. 


MECHANICS  OF  THE  SUBPROCESSES 


The  terms  Dc,  Tc,  and  Dt  are  independent  vari- 
ables defined  by  rainfall  and  runoff  characteris- 
tics and  by  soil  properties.  The  two  unknowns  in 
equation  1  and  2  are  Dr,  the  detachment  rate  by 
the  flow  in  the  rills;  and  G,  the  sediment  load. 

Hydrology 

A  hydrologic  consideration  is  basic  in  an  ero- 
sion simulation  because  rainfall  and  runoff  pro- 
vide the  energy  required  to  detach  and  transport 


5  A  complete  list  of  mathematical  symbols  and  their 
definitions  is  given  in  the  appendix  to  this  paper. 


soil  particles.  For  this  discussion,  the  important 
rainfall  characteristics  are  assumed  either  to  be 
known  or  to  be  available  from  stochastic  genera- 
tion. 

Runoff  characteristics  can  be  defined  with  a 
kinematic  overland  flow  model  (2,  7, 26,  UU) .  Al- 
though this  type  of  model  assumes  that  the  flow 
depth  is  uniformly  distributed  across  the  sur- 
face, the  effect  of  flow  concentration  into  rills  on 
the  discharge  hydrograph  is  considered  by  the 
hydraulic  roughness  parameter  of  the  model.  The 
model  provides  velocity,  flow-depth,  and  dis- 
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charge  data  that  are  required  as  inputs  for  the 
erosion  simulation.  It  normally  includes  param- 
eters for  retention  storage,  infiltration,  and  hy- 
draulic roughness  that  must  be  selected  without 
the  benefits  of  a  previous  runoff  record. 

Huggins  and  Monke  (15),  in  an  analysis  of 
small-watershed  runoff  composed  primarily  of 
overland  flow,  found  that  for  agricultural  condi- 
tions the  infiltration,  retention  storage,  and 
roughness  parameters  ranked  in  importance  in 
the  order  listed.  The  infiltration  function  can  be 
described  by  any  of  several  well-known  infiltra- 
tion equations  including  the  Green-Ampt,  Holt- 
an,  Philip,  and  Horton  equations  (32) .  The  one 
selected  depends  on  such  factors  as  convenience, 
capability  for  predicting  infiltration  recovery, 
and  availability  of  values  for  the  equation's  par- 
ameters. For  a  given  soil  type,  two  factors  seem 
to  be  highly  important:  antecedent  moisture  con- 
tent and  the  presence  of  an  impeding  layer  either 
at  the  soil  surface  or  within  the  soil  profile. 

Retention  storage  is  greatly  influenced  by  the 
surface  microrelief  and  by  whether  or  not  the 
rill  pattern  has  formed.  Contour  tillage  or  tillage 
that  leaves  large  soil  aggregates  produces  great- 
er retention  storage.  Retention  storage  will  be 
greater  for  a  storm  occurring  on  a  freshly  tilled 
soil  than  for  storms  occurring  after  rills  have 
formed.  For  tilled  soil  with  newly  planted  corn, 
Huggins  and  Monke  (15)  found  retention  stor- 
age values  of  approximately  0.13  inch  while  Fos- 
ter (5)  found  values  of  approximately  0.04  inch 
for  eroded  fallow  surfaces.  Close-growing  vege- 
tation does  not  necessarily  increase  retention 
storage  where  the  microrelief  of  the  soil  surface 
is  relatively  smooth  at  the  time  of  seeding.  Hug- 
gins and  Monke  found  retention  storage  values 
for  growing  timothy  and  wheat  near  those  for 
eroded  fallow. 

Values  for  hydraulic  roughness  cannot  be 
based  on  qualitative  descriptions  of  the  soil  sur- 
face, such  as  rough  fallow  (7) .  However,  Foster 
(6)  found  a  relationship  whereby  the  Darcy- 
Weisbach  coefficient  of  friction  varied  with  the 
— 2.8  power  of  the  soil  erodibility  factor  of  the 
universal  soil  loss  equation  (-45).  This  relation- 
ship applies  to  eroded  fallow  conditions  where 
the  rill  pattern  has  formed.  Typical  friction-fac- 
tor values  ranged  approximately  from  0.1  to  4.0 
for  moderately  erodible  soils  on  35-ft  erosion 
plots.  Little  is  known  about  changes  in  the  rough- 
ness factor  while  the  rill  pattern  develops. 


Interrill  Erosion 

Raindrop  impact  is  a  dominant  factor  in  the 
detachment  of  soil  particles  on  interrill  areas. 
Raindrop  impact  and  the  thin  sheet  flow  combine 
to  transport  these  detached  soil  particles  to  the 
concentrated-flow  channels.  Conceptual  models 
such  as  Rowlison  and  Martin's  (31)  are  useful 
for  understanding  the  interrill  erosion  process. 

Detachment  on  interrill  areas  by  flow  will  be 
neglected  since  the  flow's  shear  stress  is  small 
because  of  the  small  depths  and  flow  rates  which 
occur  on  interrill  areas.  Furthermore,  studies 
where  screen  wire  was  placed  over  soil  pans  to 
dissipate  raindrop  impact  energy  showed  that 
interrill  flow  alone  can  detach  only  a  small  per- 
centage of  the  particles  as  compared  with  rain- 
drop impact  (19,  25).  For  slopes  less  than  ap- 
proximately 4:1,  the  rate  of  detachment  by  rain- 
drop impact  is  probably  not  strongly  influenced 
by  slope  steepness  (19).  However,  for  slopes 
steeper  than  3:1,  Foster  and  Martin  (11)  found 
that  depending  on  the  soil's  bulk  density,  detach- 
ment rate  by  raindrop  impact  reached  a  maxi- 
mum #and  decreased  with  increases  in  slope 
steepness.  The  shape  of  this  function  is  repre- 
sented by  the  A'BC  portion  of  the  curve  in  figure 
4. 

For  small  steepnesses,  conceptual  models  (22, 
31 )  suggest  that  transport  capacity  on  interrill 
areas  could  be  less  than  the  availability  of  de- 
tached materials.  The  transport-capacity  rela- 
tionship is  represented  by  the  ABC  curve  in  fig- 
ure 4.  This  curve  has  a  transport-capacity  inter- 
cept greater  than  zero  for  a  flat  slope  because 
even  at  zero  slope,  flow  has  the  capacity  to  trans- 
port some  particles.  The  limiting  component,  i.e., 
the  lesser  of  curves  A'BC  or  ABC  is  the  delivery 
rate  D,  of  particles  detached  on  interrill  areas 

C Curve  of  Transport  Limiting 
r 


A 


Slope  Steepness 

Figure  4. — Conceptual  model  of  the  delivery  rate  of  de- 
tached particles  from  interrill  areas  to  rill  flow. 


192 


to  the  rills.  In  actuality  (19),  these  curves  will 
not  necessarily  be  so  well  defined.  Transport  ca- 
pacity probably  does  not  become  limiting  ab- 
ruptly. Instead,  until  the  steepness  at  point  B  in 
figure  4  is  reached,  probably  neither  detachment 
nor  transport  capacity  is  entirely  limiting.  At 
lesser  slopes,  detachment  dislodges  particles 
larger  than  can  be  transported  at  those  steep- 
nesses. Thus,  segregation  of  particle  sizes  occurs 
which  tends  to  smooth  the  curves  shown  in  figure 
4.  These  effects  may  have  been  present  in  an  ex- 
periment by  Moldenhauer'5  in  which  detached 
particles  were  added  to  a  small  soil  pan  on  a  9-pct 
slope,  which  was  exposed  to  simulated  rainfall. 
However,  he  found  that  under  those  conditions 
more  particles  could  be  transported  than  were 
being  detached,  which  demonstrates  that  inter- 
rill  transport  capacity  can  exceed  interrill  de- 
tachment rate.  Since  present  information  is  in- 
sufficient to  better  define  the  process,  figure  4  is 
proposed  as  a  model  of  interrill  erosion.  The 
curves  in  figure  4  can  shift  and  vary  depending 
on  factors  including  rainfall  characteristics  and 
soil  properties. 

Even  for  a  constant  rainfall  intensity,  the  rate 
of  particle  detachment  by  raindrop  impact  is  a 
time-dependent  function.  In  some  cases  the  rate 
increases  rapidly  in  the  beginning,  reaches  a 
peak,  and  then  decays  exponentially  to  a  steady- 
state  rate  (23) ,  while  in  others  it  may  actually 
increase  with  time.  Unfortunately,  in  most 
studies  of  the  effect  of  rainfall  characteristics 
on  raindrop-impact  detachment,  the  time-de- 
pendency effect  of  changing  soil  characteristics 
has  been  lumped  with  the  rainfall  parameters. 

Generally,  total  interrill  soil  loss  for  a  storm 
has  been  expressed  as  a  function  of  the  total 
energy  of  the  storm.  Free  (12)  found  that  for  a 
given  storm  the  total  detachment  A ,  by  rainfall 
could  be  expressed  as  Ai=KFE1:eizQ,  where  Ai  is 
in  units  of  weight/unit  area,  E]ce  is  the  total  ener- 
gy of  the  storm  (force-distance/unit  area) ,  izo  is 
the  maximum  30-min  intensity  (inches/hour), 
and  KF  is  a  coefficient  including  the  effect  of  soil 
properties.  For  a  constant  rainfall  intensity, 
E,;e=(e)  (i)  (t) ,  where  e  is  kinetic  energy  per 
unit  of  rainfall,  i=i30,  and  £=time.  Wischmeier 
and  Smith  (U2)  found  that  for  natural  rainfall, 
e=916+331  log10  i.  For  intensities  between  0.5 


G  Private  communication  from  W.  C.  Moldenhauer, 
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and  10  inches/h,  this  expression  can  be  approxi- 
mated by  e=Cii°-li.  Therefore,  for  a  storm  of 
constant  intensity,  Ai=CiKFi21H.  By  differenti- 
ation with  respect  to  time,  Di=CiKFiz-li,  which 
indicates  no  time  dependency  for  D,. 

Bubenzer  and  Jones  (1)  found  that  A i=KBJi0-i 
(EJ:e) 1-3.  By  following  the  above  procedure,  Di  is 
given  as  l.oKBjilsst0-3  which  does  include  a  time 
factor.  Here,  the  time  factor  is  assumed  to  be  due 
to  the  initial  wetting  and  progressive  erosion  of 
the  soil.  The  raindrop  mechanics  of  the  process 
are  explained  by  the  i1S8  term.  A  plot  of  Molden- 
hauer and  Long's  data  (2U)  indicates  that 
Di  x  i2A  for  five  Iowa  soils  in  their  study.  Based 
on  these  results,  an  assumption  of  D,  ^  i2  is,  rea- 
sonable and  agrees  with  the  suggestion  of  Meyer 
and  Wischmeier  (22) . 

The  soil  characteristics  affecting  raindrop- 
impact  detachment  are  difficult  to  quantify  be- 
cause they  vary  with  time.  They  are  affected  by 
wetting  of  the  soil,  erosion  of  particles,  and  for- 
mation of  a  surface  seal.  Moldenhauer  and  Kos- 
wara's  (23)  experimental  result  illustrates  the 
time  effect.  Efforts  to  evaluate  it  or  even  steady- 
state  rates  of  detachment  with  respect  to  soil 
properties  are  scarce.  Bubenzer  and  Jones  (1 ) , 
using  only  one  type  of  clay,  related  total  soil  de- 
tachment to  percent  clay.  In  the  absence  of  a 
tested  parameter,  the  soil  erodibility  factor  (Ul ) 
in  the  universal  soil  loss  equation  may  be  the  best 
available  indicator  of  the  relationship  between 
raindrop  impact  and  the  soil  properties  control- 
ling detachability. 

The  transport  capacity  of  interrill  floio  is  a 
function  of  several  factors  that  include  runoff 
rate,  slope  steepness,  roughness  of  the  surface, 
transportability  of  detached  soil  particles,  and 
effect  of  raindrop  impact.  Evidently,  raindrop 
impact  significantly  increases  the  transport  ca- 
pacity of  interrill  flow.  Interrill  flow  without 
impacting  raindrops  is  probably  able  to  trans- 
port only  a  small  load  (30) .  Direct  splash  of  de- 
tached particles  through  the  air  to  rills  seems  to 
be  minor  compared  to  soil  transported  by  sheet 
flow  (19, 25) .  The  impact  of  drops  near  detached 
particles  lifts  them  into  the  flow  and  then  the 
flow's  drag  force  moves  the  particles  a  distance 
downslope  before  they  settle  back  to  the  soil  sur- 
face. The  relationship  between  the  increase  in 
transport  capacity  of  thin  sheet  flow  due  to  rain- 
drop impact  and  rainfall  parameters  is  not 
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known,  but  likely  the  capacity  increases  as  some 
function  of  rain  intensity. 

When  the  effect  of  raindrop  impact  is  not 
considered,  interrill  transport  capacity  may  be 
expressed  as  (8) : 

Tci  —  Csi  (Si-\-CSo)  Qoi  =  CSi  (Si-{-Cso)  vL,,  (3) 

where    Tei =interrill  transport  capacity, 

Csi=a.  coefficient  expressing  the  trans- 
portability of  the  soil  detached  by 
raindrop  impact  on  the  interrill 
areas, 

Cso=a  factor  accounting  for  the  trans- 
port capacity  of  interrill  flow  at 
zero  slope, 
Z/;=slope  length  of  the  interrill  flow, 
Si=slope  steepness  of  the  interrill  area, 
q0i= discharge  per  unit  width  at  L; 
and         <7=excess  rainfall  rate  (rainfall  rate- 
infiltration  rate) . 

As  a  first  approximation,  the  effect  of  rain- 
drop impact  on  Tci  may  be  added  by  assuming  it 
to  be  directly  proportional  to  rainfall  intensity. 
Equation  3  becomes: 

rci=crsi(5i+cSo)(rLi($i),  (4) 

where    *= a  constant. 

Equation  4  shows  that  the  major  factors  af- 
fecting interrill  transport  capacity  include  rill 
density  as  it  affects  Li,  rainfall  intensity  repre- 
sented by  i  and  a,  microtopography  by  S,  and 
transportability  of  the  particles  by  Csu  For 
common  soils,  soil  particles  detached  by  raindrop 
impact  are  largely  aggregates  with  specific 
gravities  near  2.0  (17).  Their  diameters  range 
from  approximately  0.002  to  2.0  mm,  with  the 
majority  being  greater  than  0.5  mm  (23) . 

Rill  Erosion 

The  two  major  subprocesses  active  in  rill  ero- 
sion are  detachment  by  flow  and  transport  by 
flow.  The  development  of  the  rills  themselves  is 
a  result  of  flow  detachment.  Rill  flow  transports 
flow-detached  particles  as  well  as  those  delivered 
to  the  rills  from  the  interrill  areas.  If  the  quan- 
tity of  particles  available  for  transport  exceeds 
the  transport  capacity,  deposition  occurs.  Depo- 
sition is  the  negative  of  detachment. 

Expressions  for  Dr  and  Tc  in  equation  2  will  be 
developed  in  the  following  discussion  to  complete 


the  analysis  of  the  required  inputs  into  equations 
1  and  2.  With  relationships  for  Dc>  Tc,  and  Di} 
equations  1  and  2  can  be  solved  for  the  unknowns 
DrandG. 

The  detachment  capacity  of  rill  flow  Dc  de- 
scribes the  rate  per  unit  of  total  area  at  which 
rill  flow  can  erode  particles  from  the  soil  mass 
at  a  location  on  the  slope  if  there  is  no  sediment 
load.  Because  the  flow  contains  a  sediment  load 
the  detachment  rate  is  normally  less  than  the  de- 
tachment capacity.  Some  researchers  (31)  have 
neglected  rill  detachment  from  their  considera- 
tion in  developing  an  erosion  model.  If  the  shear 
stress  is  estimated  by  assuming  sheet  flow,  its 
estimated  value  is  quite  small  and  suggests  that 
overland  flow  has  no  capacity  to  erode.  However, 
overland  flow,  concentrated  in  rills  on  35-ft  ero- 
sion plots,  approached  a  0.5-inch  hydraulic  radi- 
us in  the  rill  for  a  6-pct  slope  with  a  2-inch/h 
runoff  rate.  This  gives  a  shear  stress  of  0.16 
lb/ft2,  which  is  comparable  to  that  in  a  4-ft-deep 
stream  on  a  0.0006  slope.  Confusion  also  exists 
concerning  the  critical  shear  stress  for  soil. 
Values  from  0.02  to  0.5  lb/ft2  are  reported  in  the 
literature  (13) .  Based  on  data  from  agricultural 
soils,  the  critical  shear  stress  is  probably  near 
0.05  lb/ft2.  Since  the  flow's  shear  stress  in  the 
above  example  is  about  three  times  the  critical 
value,  rilling  of  unprotected  slopes  is  likely. 

Much  of  the  published  information  concern- 
ing the  erosion  of  cohesive  soils  is  directed  to- 
ward predicting  the  point  of  incipient  motion. 
This  is  usually  accomplished  by  comparing  the 
flow's  average  shear  stress  to  the  critical  shear 
stress  of  the  soil.  Therefore,  much  effort  has 
been  devoted  to  defining  the  critical  tractive 
force  tci-  and  relating  it  to  various  mechanical  soil 
properties  such  as  vane  shear  strength,  plastic- 
ity index,  and  dispersion  ratio.  However,  these 
properties  have  not  been  adequate  to  define  criti- 
cal tractive  force  (H,  29).  Until  a  satisfactory 
method  is  developed,  the  relationship  rcr=0.213/ 
dr0-63  (where  <2,=dispersion  ratio)  by  Smerdon 
and  Beasley  (33)  seems  best  for  agricultural 
soils. 

The  relation  of  flow  variables  to  detachment 
capacity  has  received  little  study.  Partheniades 
(27)  found  that  the  erosion  rate  depended 
strongly  on  the  increase  of  the  average  bed  shear 
past  a  threshold  value.  He  derived  a  detachment 
capacity  equation  based  on  the  assumption  that 
the  bed  shear  varied  as  a  normal  distribution 
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with  time.  For  his  series  I  test  in  the  upper  three- 
fourths  range  of  shear  stress,  detachment  rate 
varied  with  the  average  shear  stress  to  the  1.9 
power.  A  relationship  of  the  type  Dc=Ct(t — rcr)a 
is  a  possible  expression  for  Dc.  Because  of  the 
assumptions  made  in  its  derivation,  the  Yalin 
sediment  transport  equation  (45)  appears  to  be 
an  equation  for  expressing  detachment  per  unit 
area  per  unit  time,  provided  an  appropriate  cri- 
tical shear  stress  is  used.  If  the  bed  shear  stress 
is  large  compared  to  the  critical  shear  stress,  this 
equation  reduces  to  an  expression  of  detachment 
capacity  as  proportional  to  the  3/2  power  of  the 
tractive  force.  At  present,  the  Yalin  equation 
with  the  Smerdon-Beasley  critical  tractive  force 
relationship  appears  to  be  useful  for  estimating 
Dc. 

A  transport  capacity,  Tc,  is  required  to  trans- 
port detached  soil  particles.  The  material  avail- 
able for  transport  is  primarily  made  up  of  aggre- 
gates rather  than  primary  particles  (35,  36). 
Also,  ponding  of  the  flow  produces  rapid  deposi- 
tion. This  led  to  the  conclusion  (10)  that  de- 
tached particles  move  primarily  as  bedload  and 
thus  the  transport  capacity  of  rill  flow  can  be 
expressed  by  bedload  formulas.  Formulas  that 
have  been  used  include  the  Yalin  (10)  and  the 
DuBoys  (46).  Other  equations  as  well  as  the 
similitude  results  of  Willis  and  Coleman  (38) 
apparently  can  also  be  used. 

The  magnitudes  of  the  flow  variables  at  all 
locations  along  every  rill  must  be  known  to  apply 
these  equations  directly.  These  variables  include 
the  hydraulic  radius,  slope  of  the  energy  grade- 
line  (normally  taken  equal  to  the  land  slope  in 
the  direction  of  flow) ,  discharge,  average  veloc- 
ity, roughness  factor,  and  particle  size.  Unfor- 
tunately, little  information  concerning  the  fre- 
quency of  rills  or  the  cross-sectional  geometry  of 
the  rills  is  available  until  after  the  rills  have 
formed  and  measurements  have  been  taken. 
Neither  are  values  for  hydraulic  roughness  avail- 
able. However,  provided  the  rill  system  can  be 
defined,  the  latter  problem  can  be  overcome,  as 
will  be  explained  in  a  later  section. 

Sediment  deposition  is  examined  here  as  a  sub- 
process  separate  from  either  detachment  capac- 
ity or  transport  capacity,  although  it  is  related  to 
both.  Deposition  on  upland  areas  is  a  major  rea- 
son why  soil  loss  predictions  with  erosion  equa- 
tions, such  as  the  universal  soil  loss  equation 
(34) ,  often  do  not  agree  with  observed  sediment 


yields.  A  delivery-ratio  concept  is  often  used 
with  these  equations  to  account  for  the  deposi- 
tion. 

In  terms  of  the  mathematics  of  equations  1 
and  2,  deposition  is  the  negative  of  detachment. 
It  occurs  because  the  sediment  load  of  the  flow 
exceeds  the  flow's  transport  capacity.  This  can 
happen  where  the  transport  capacity  is  reduced 
because  of  the  flattening  of  the  energy  gradeline 
as  flow  reaches  the  bottom  lands  or  enters 
ponded  water.  Flow  through  mulch  or  vegeta- 
tion also  has  less  transport  capacity  (9) ,  which 
may  produce  deposition  when  mulch  or  vegeta- 
tion lies  downslope  from  bare  soil. 

Studies  of  the  deposition  process  as  it  relates 
to  upland  areas  are  scarce.  Partheniades  (28) 
presented  a  summary  of  several  basic  studies  in 
which  he  participated,  but  his  results  may  not 
apply  to  upland  erosion.  A  concentration  of  10,- 
000  to  20,000  p/m  is  the  limiting  point  for  his 
results  whereas  concentrations  of  50,000  to 
100,000  p/m  are  commonplace  in  upland  erosion 
and  sometimes  reach  several  times  that  level. 
Also,  his  commercial  kaolinitic  clay  apparently 
behaved  differently  than  is  common  for  the  sedi- 
ment in  rill  flow  during  deposition.  When  soil 
eroded  from  upland  areas  deposits,  it  seems  to 
follow  the  deposition  mechanics  of  noncohesive 
particles.  Therefore,  an  expression  similar  to 
one  developed  by  Einstein  (3)  may  be  used  to 
approximate  the  rate  of  deposition: 

Dd=Cd(T-G),  (5) 

where  Dd= deposition  rate  (negative  detach- 
ment rate) , 

and  Cd=Si  coefficient  which  is  a  function  of 
sediment-fall  velocity,  water  qual- 
ity, and  depth  of  flow. 

Equation  5  is  a  rearrangement  of  equation  2, 
where  Dc=CdTc.  When  Tc  is  evaluated  for  de- 
positing flow,  the  broader  and  shallower  flow 
that  develops  with  progressing  deposition  must 
be  considered. 

Simulating  Soil  Loss  From  Erosion  Plots 

The  principles  discussed  above  were  used  to 
simulate  steady-state  soil  loss  from  35-ft  erosion 
plots  under  simulated  rainfall  applied  at  2-1/2 
inches/h.  Available  data  included  estimates  of  dr 
and  D,,  microrelief  profiles,  and  observed  hydro- 
graphs.  The  Yalin  equation  was  used  to  deter- 
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mine  Tc  at  1-ft  intervals  down  the  plot.  A  par- 
ticle diameter  of  0.05  mm  and  a  specific  gravity 
of  2.2  were  used  for  the  material  eroded  from 
both  interrill  areas  and  from  the  rills  (17,  23, 
35,  36) .  The  detachment  capacity  was  evaluated 
by  the  Yalin  equation  and  the  Smerdon-Beasley 
critical  shear  stress  relationship. 

The  hydraulic  radius  of  the  flow  in  each  rill  at 
each  location  was  determined  by  imposing  the 
average  overland  flow  depth  onto  the  microrelief 
profile  as  shown  in  figure  5.  The  percent  of  the 
average  depth  allocated  to  each  rill  was  equal  to 
the  percentage  of  the  total  upslope  plot  area  that 
each  rill  drained.  Since  the  rills  were  parallel 
with  the  slope,  this  percentage  was  easily  de- 
termined. The  microrelief  profile  at  approxi- 
mately 13  ft  from  the  lower  end  of  the  35-ft  plot 
was  taken  as  representative  of  the  entire  plot. 

The  average  depth  y  at  a  location  was  evalu- 
ated from  the  uniform  flow  equation  of 


y=[ax/(8gS/f)^r- 


(6) 


where 
and 


fif=acceleration  of  gravity  (32.2  ft/s2), 
/=Darcy-Weisbach  coefficient  of  fric- 
tion. 


V alues  of  /  were  obtained  by  fitting  an  over- 
land flow  hydrograph  generated  by  a  kinematic 
model  to  the  observed  runoff  hydrograph  from 
an  eroded  wet  soil. 

Erosion  simulations  made  for  several  plots 
with  steady  runoff,  using  equations  1  and  2,  pro- 
duced the  results  given  in  table  1.  The  corre- 
spondence of  the  predicted  and  observed  soil 
losses  indicates  the  potential  for  such  a  type  of 


mathematical  simulation  once  the  rill  pattern 
has  developed. 


Average  Depth  from  Kinematic 
Runoff  Model 


Figure  5. — Distribution  of  the  average  flow  depth  to  the 
rills  on  an  erosion  plot. 


Table  1. — Comparison  of  soil  loss  prediction  by 
simulation  with  observed  steady  state  soil 
losses1 


Soil  type 

Plot 
width 
(ft) 

Micro- 
relief2 

Results 
(tons/  acre/h) 
Predicted  Observed 

Russell  silt  loam  •  ■ 

..  12 

DUDS 

11.7 

7.8 

Do   

. .  12 

RP 

12.1 

11.5 

Do   

.  •  12 

S,P 

11.7 

14.2 

Miami  silt  loam  ■ . 

. .  12 

HPRP 

15.0 

14.7 

Do  

6 

HPRP 

18.8 

17.6 

Sylvan  silt  loam  •  ■ 

6 

HPRP 

25.8 

23.4 

Russell  silt  loam  ■  • 

. .  12 

S,L 

11.0 

10.9 

Do  

. .  12 

HPRP 

19.5 

13.0 

1  Observed  data  from  35-ft  erosion  plots  with  6-pct 
slope. 

2  The  microrelief  codes  are  DUDS — disked  up-and- 
down  slope;  RP — rough  plowed;  S,P — smooth,  packed 
with  lawn  roller;  HPRP — herringbone  preformed  rill 
pattern;  S,L — smooth,  loose  surface. 


CLOSED-FORM  EROSION  EQUATIONS 


Reduction  of  a  complex  model  to  equation  form 
sometimes  reveals  characteristics  of  the  model 
that  otherwise  would  remain  hidden  in  its  com- 
plexity. Furthermore,  the  resulting  equation  (s) 
may  be  useful  as  a  simplified  design  tool. 

Closed-Form  Equations  Using  Equation  2 

Foster  and  Meyer  (8)  derived  equations  7  and 
8  as  the  solution  to  equations  1  and  2: 

(Dr/Dco)  =exp  (— ax*)  \  (dg*/dx:r—Q) 

exp  (ax*)  dx*+C  (7) 


and 


G/TC0=g*—(Dr/DC0) 


(8) 


Equations  7  and  8  are  general  erosion  equa- 
tions for  any  irregular  slope  shape,  within  the 


limitations  of  the  assumptions  of  the  derivation. 
A  uniform  slope  through  the  end  points  of  the 
irregular  shape  is  a  reference  slope.  The  terms 
Dco  and  Tco  are,  respectively,  the  detachment  ca- 
pacity and  transport  capacity  at  the  end  of  the 
reference  slope.  The  other  terms  are  defined  as 
x*=x/L,  a=LDC0/Tco,  e=LDi/TC0,  g*=Tc/TC0 
and  C= constant  of  integration. 

Several  assumptions  are  necessary  to  obtain 
equations  7  and  8.  Steady-state  and  a  uniform 
rainfall  excess  are  assumed.  The  Yalin  equation 
is  assumed  to  describe  Dc  and  Tc,  and  with  the 
assumption  of  large  t,  Dc=Cdt3/z  and  Tc=CTr3f2. 
The  coefficients  CD  and  CT  are  taken  as  inde- 
pendent of  slope  steepness  or  distance  along  the 
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slope.  As  a  result  of  this  assumption,  rill  density 
is  a  function  of  only  soil  properties  and  the  ex- 
cess rainfall  rate.  The  term  Dc  is  expressed  on  a 
per-unit  total  area  basis  and  Tc  on  a  per-unit 
total  width  basis.  The  coefficients  CD  and  CT 
account  for  the  effects  of  concentrated  flow  on 
the  average  shear  stress  of  the  overland  flow. 
The  average  shear  stress  is  calculated  from 
T=yyS  with  equation  6  and  a  value  for  /  that  is 
both  constant  along  the  slope  and  independent 
of  slope  steepness.  These  assumptions  give 
Dc  f^axS  and  Tc  «  p^axS.  Also,  g*=Dc/DC0 
=Tc/TC0=x*S*  where  S*=S/S0  and  S0=the 
slope  of  the  reference  profile.  If  S  is  greater  than 
the  steepness  at  which  raindrop  impact  detach- 
ment rate  becomes  limiting  on  the  interrill  areas 
(fig.  4)  and  its  range  is  small,  e  may  reasonably 
be  assumed  constant.  If  S  is  small  or  its  range  is 
large  for  a  slope,  then  e  becomes  a  function  of  S 
and  may  be  written  as  G=G0.D;*  where  G0  is  for 
the  reference  slope,  B^=DJBX0,  Df  is  a  func- 
tion of  S  and  Di0  is  the  interrill  delivery  rate  of 
detached  particles  for  the  reference  slope. 

Equation  7  can  be  integrated  to  obtain  a  closed- 
form  erosion  equation,  provided  g*  and  9  can  be 
written  as  functions  of  x%  and  a  closed-form  solu- 
tion exists.  Equation  7  can  be  numerically  inte- 
grated when  a  closed-form  solution  does  not  ex- 
ist or  when  gr*  and  6  are  given  as  a  function  of  cc* 
in  tabular  form.  Increments  of  A#*=0.01  are 
sufficiently  small  to  obtain  an  accurate  solution 
for  the  detaching  state  (i.e.,  Dr>0),  but  a  Ajc* 
=0.001  is  better  for  deposition  predictions  (i.e., 
Dr<0) .  At  the  location  where  D  -  0,  the  proc- 
ess is  in  transition  from  a  detachment  to  a  depo- 
sition status  or  vice  versa.  A  new  C  must  be 
evaluated  at  this  X*  because  a  takes  on  a  new 
value  due  to  a  change  in  Cd  in  the  equation  Dc 
f*=C&Te.  In  a  sense,  this  is  a  result  of  the  flow  be- 


ing able  to  deposit  sediment  more  easily  than  it 
can  erode  soil. 

For  the  special  case  of  a  uniform  slope,  6=e0, 
r/i-  X:-,,  and  equations  7  and  8  reduce  to 

£L=  (1— e0)  [1—  exp  (—ax*)]  (9) 

and  (1— e„)[l—  exp  (—*&*)]/<*,  (10) 
or  in  their  general  form  to 

D*=(l— e0)[l+Cexp  (— axi}]  (11) 

and                   G*=x*—D*/a,  (12) 

where  D*=LDr/DC0 
and  G*=G/TC0. 

Values  of  a  and  G0  were  calculated  by  previ- 
ously discussed  techniques  and  were  used  to  cal- 
culate values  of  G*  and  G  for  several  erosion 
plots.  The  results  are  shown  in  table  2.  The  dis- 
tribution of  G  with  distance  as  given  by  equation 
10  is  graphically  compared  with  experimental 
data  (19,  U7)  in  figures  6,  7,  and  8.  Values  for  « 
and  G0  in  figures  7  and  8  were  calculated  using 
the  Yalin  sediment-transport  equation  to  esti- 
mate Dco  and  Tco  as  discussed  previously.  Since 
Di  was  known  from  a  laboratory  study,  values  of 
a  and  G0  were  determined  directly.  For  the  Young 
and  Mutchler  data  in  figure  6,  a  and  G0  were  esti- 
mated by  comparing  a  description  of  their  plot 
conditions  and  soil  loss  rates  to  those  where  a  and 
G0  were  known.  In  contrast  to  the  usually  as- 
sumed linear  relation  on  log-log  scales,  equation 
10  plots  curvilinearly,  with  slope  a  function  of  a, 
G0,  and  x*.  Depending  on  these  values,  equation 
10  may  produce  a  convex,  concave  or  S-shaped 
curve  on  a  log-log  scale.  The  equation  for  the 
slope  of  this  type  of  plot  for  equation  10  was 
given  by  Foster  and  Meyer  (8)  as  w=x*[l — (1 

 G0)   eXp   (  aX:-)]/G::. 


Table  2. — Comparison  of  predictions  by  equation  1 0  with  observed  soil  losses 
from  3  5 -ft  erosion  plots  under  simulated  rainfall1 


Interrill 

g  at             delivery  Soil  loss  (tons/acre/h) 

xif=\             rate,  Dj  Predicted  Observed 
(tons/acre/h) 

0.046                0.057                0.0784                10.0  13.7  11.5 

.250                  .029                  .1409                  7.7  37.2  29.0 

.065                  .043                  .0734                  7.7  12.3  10.9 


1  From  Foster  and  Meyer  (8) . 
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Figure  6. — Predicted  distribution  of  sediment  load  along  Figure  8. — Predicted  distribution  of  sediment  load  along 
a  uniform  slope  with  severe  interrill  and  rill  erosion.  a  uniform  slope  without  severe  rill  erosion. 
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Figure  7. — Predicted  distribution  of  sediment  load  along 
a  uniform  slope  with  severe  rill  erosion. 


Deposition  at  the  end  of  a  uniform  slope  as 
given  by  Foster  and  Meyer  (8)  is 


G*=(G*e)  exp  [—«*(«*— 1)], 

where  deposition  value  of  a 

and       G*e=G*  at  x  *=1. 


(13) 


Equation  13  is  based  on  the  assumption  that 
for  x*>l,  Tc=0  and  9=0;  by  it,  the  sediment  load 
and  the  rate  of  deposition  decay  exponentially 
with  distance  from  the  slope  end  of  g*=l. 

Closed-form  equations  were  also  developed 
for  nonuniform  land  profiles  given  by 

Z*=  (l—x*)m  (concave)  (14) 
and  Z*=(l— x*m)  (convex),  (15) 

where  Z*=h/H, 

/?=elevation  of  the  land  profile  at  any 

x, 

and        H=  difference  in  elevation  between 
x=0  and  x=L. 

The  slopes  along  these  profiles  are 

S*=ra(l — a?*)"1"1    (concave)  (16) 

and  S*=maV"-1  (convex).  (17) 

The  expressions  for  dg*/ dx*  are 

dg*/dx*=m  (1 — x*) m'1— m  (m— 1)  x*  (1—. r*) 1 

(concave)  (18) 

and  dgtdx^rtfx*™'1  (convex).  (19) 


Closed-form  solutions  for  these  slopes  exist 
for  integral  values  of  m.  However,  when  m  ex- 
ceeds 3  or  is  not  an  integer,  the  algebraic  manipu- 
lations become  excessive  and  numerical  integra- 
tion of  equations  7  and  8  is  simpler. 

Closed-form  solutions  were  obtained  with 
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m=2  for  the  concave  and  convex  slopes.  Interrill 
detachment  Z),  was  assumed  to  be  independent  of 
slope  steepness,  which  gave  e=e0.  Equations  for 
the  location  and  rate  of  maximum  rilling,  the 
rate  of  rilling  along  the  slope,  the  sediment  load 
along  the  slope,  the  location  where  deposition 
begins  and  deposition  rates  near  the  toe  of  con- 
cave slopes  are  developed.  Such  equations  are 
helpful  in  developing  erosion  control  practices 
for  a  slope  or  predicting  the  sediment  yield  for 
the  slope. 

The  rate  of  detachment  in  the  rills  above  the 
location  where  deposition  begins  at  x*=Xd  is 
given  by 

D:==  (2— e0)  [1—  exp  (—«£*)  ]— 4^  ax,— [1—  exp 

(—aX*)]\/a,  (20) 

and  the  sediment  load  is  given  by 

G*=2x*(l— a;*)— D*/a.  (21) 

The  location  of  maximum  rilling,  where  dD*/ 
dx*=0,  is  given  by 

zm=[ln  (a/2+1— e0«/4)]/«.  (22) 

The  point  of  deposition  is  obtained  from  equa- 
tion 20  by  setting  Z)*=0.  The  result  is 

a*— [In  (1— 4xd/A)]/a,  (23) 

where    A  =2 — e0+4/«. 

A  closed-form  solution  for  Xd  was  not  found, 
but  Xd  can  be  determined  numerically  by  a  New- 
ton-Rapson  technique. 

Where  deposition  is  occurring,  the  boundary 
condition  for  equations  7  and  8  is  Z)*=0  at  x*=xd. 
Also,  0  is  taken  as  zero  since  particles  from 
interrill  area  are  assumed  to  deposit  immediately 
upon  entering  the  flow.  Consequently,  they  have 
no  effect  on  the  sediment  load.  For  deposition: 
D*—2\  1 —  exp  [ — ad  (x* — xd)  ]  | — 4  <j  ad  <{  x* — Xd  exp 

[— ad  (X*— Xd)  ]  }—■{  1—  exp[—  ad  (X*— Xd)  ]  \\/ ad 

(24) 

G,=2x*(l— x*)— D*/ad.  (25) 

Since  G*  lags  g*,  the  nondimensional  transport 
capacity,  G*  will  not  be  zero  at  x*=l,  and  equa- 
tion 13  can  be  used  to  determine  the  sediment 
load  beyond  x*=l. 

The  solution  for  a  convex  slope  where  m=2  is 

D*+4<{  ax* — [1 —  exp  ( — «£*)  ]  \/a — e0[l —  exp 
(-«**)]  (26) 


and  G*=2x*2— £>*/«.  (27) 

A  plot  of  equations  10,  13,  21,  25,  and  27  is 
shown  in  figure  9. 

Equations  9  and  10  and  20  through  27  were 
evaluated  for  a=0.1  and  e0=0.035.  For  the  uni- 
form slope  at  x*=l,G*=0.0817,  and  D*=0.0918. 
For  the  convex  slope  at  x*=l,  G*=0.0983,  and 
D*=0.190.  The  maximum  D*  on  the  concave 
slope  was  0.0467  at  xm=0.48.  The  maximum  sedi- 
ment load  on  this  slope  was  0.0640  at  0^=0.967. 
The  sediment  load  delivered  from  the  concave 
slope  at  x*=l  was  0.0403.  If  the  sediment  yield 
from  the  uniform  slope  is  1,  the  sediment  yields 
from  the  convex  and  concave  slopes  at  x*=l  are 
respectively  1.12  and  0.494.  For  a  comparison, 
Young  and  Mutchler  (45)  observed  the  relative 
sediment  yields  of  1.00,  1.08,  and  0.411  for  the 
respective  slope  shapes  of  uniform,  convex,  and 
concave.  Their  tests  were  made  during  the  first 
crop  stage  following  the  planting  of  corn  culti- 
vated up  and  down  slope.  However,  Young  and 
Mutchler's  concave  slope  flattened  only  to  ap- 
proximately 2  pet.  Their  slope  shape  was  not  a 
complete  curve  as  described  by  equation  14  for 
0<x*<l.  An  m  value  of  2  was  assumed,  and  using 
their  S0=8.5  pet,  the  end  of  their  slope  was  at 
x*=0.88  according  to  equation  16.  The  predicted 
relative  sediment  yield  at  a;*=0.88  is  0.69.  No 
deposition  above  #*=0.88  is  predicted  as  they 
observed.  However,  based  on  their  results  for  the 
uniform  and  convex  slopes,  deposition  may  have 
been  due  largely  to  the  restricting  end  sill  of 
their  plots. 


0.0     0.2     0.4     0.6     0.8     1.0  1.2 
Relative  Distance  -  x* 

Figure  9. — Predicted  relative  sediment  loads  along  three 
slope  shapes. 
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The  above  deposition  estimates  for  the  con- 
cave slope  were  based  on  two  important  assump- 
tions. First,  deposition  capacity  was  assumed 
numerically  equal  to  the  transport  capacity,  i.e., 
in  the  expression  Dc=CdTc,  Ca=l.  This  was  rea- 
soned from  the  Yalin  equation,  since  it  is  an  ero- 
sion and  deposition  relationship  for  noncohesive 
particles  based  on  the  mechanics  of  saltation. 
Second,  transport  capacity  was  assumed  to  be 
the  same  for  depositing  conditions  as  for  detach- 
ing conditions  when  flow  rates  and  slopes  are 
equal.  However,  the  transport  capacity  decreases 
with  deposition  because  the  flow  becomes  broad- 
er and  shallower.  If  this  effect  is  brought  into  the 
analysis,  the  predicted  sediment  loads  during 
deposition  become  less  than  indicated  above. 

The  effect  of  the  degree  of  concavity  or  con- 
vexity (different  m  values)  can  be  studied  by 
numerically  integrating  equations  7  and  8.  The 
results  are  useful  in  a  design  application  in  se- 
lecting the  best  slope  shape  for  a  given  design 
criterion. 

Most  topographic  land  profiles  in  nature  are 
irregular.  Equations  7  and  8  can  be  numerically 
integrated  with  gr*  and  G  given  as  tables  of  values 
which  are  functions  of  a*.  Another  possibility  is 
to  divide  the  irregular  slope  into  a  series  of  uni- 
form slopes  and  apply  equations  11  and  12  se- 
quentially along  the  slope.  The  constant  of  inte- 
gration C  must  be  evaluated  at  each  division 
point.  Given  the  proper  value  of  C,  the  erosion 
equations  for  each  slope  increment  are 

D*=  (S*—e)  [1+C  exp  (— a**)]  (28) 

and  G*=z*S*— ZV«.  (29) 

The  constant  of  integration  for  an  increment 
is  given  by 

C=[(ZWS#— 6)—  1]  exp  (ax,u)  (30) 

and  D,v=a(x*uSo — G*M),  (31) 


where 


and 


x*u=x*  of  the  upper  end  of  the  incre- 
ment, 

Ct^u===^t*  tit  •C&U) 

D  x,  -D:  at  Zo„. 


Continuity  of  the  sediment  load  at  x*u  is  main- 
tained, but  the  detachment  rate  at  x*u  is  discon- 
tinuous. Its  value  depends  on  whether  the  upslope 
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or  the  downslope  increment  is  used  to  make  the 
evaluation.  The  results  of  applying  equations  28 
through  31  to  the  concave  slope  studied  by  Young 
and  Mutchler  (J+7)  are  shown  in  figure  10.  The 
ratio  of  soil  loss  predicted  from  the  concave  slope 
to  that  predicted  from  a  uniform  slope  is  0.84 
compared  to  an  observed  0.88  during  the  last  60 
min  of  simulated  rainfall.  Figure  10  indicates  a 
larger  difference  in  the  predicted  soil  loss  ratio. 
The  observed  data  in  the  figure  is  from  micro- 
relief  measurements  which  can  be  subject  to 
error. 

If  D*u  from  equation  31  is  negative,  deposition 
is  occurring  on  the  increment  and  a=ad  is  used 
in  equations  30  and  31.  If  the  slope  increment  is 
sufficiently  long,  deposition  will  cease  and  ero- 
sion will  occur  on  the  lower  portion  of  the  incre- 
ment. The  equations  for  the  deposition  section  of 
the  increment  are 

D*u=ai(x*ttS*— G*„),  (32) 

C=  (D*u/S*—1)  exp  (adx  ,  (33) 

Z)*=S*[l+Cexp  (— a**)],  (34) 

and        G-,=x,S,—D-,/ad,  (35) 

where  no  consideration  is  given  to  the  effect  of 
deposition  on  Tc.  The  location  on  the  increment 
where  deposition  ends  (i.e.,  D*=0)  is  given  by 


Xde=[— In   ( — l/C)]/ad. 


(36) 
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Figure  10. — Sediment  load  along  a  concave  slope  as  pre- 
dicted by  dividing  the  slope  into  uniform  increments 


At  Xde,  G*=iCdC<S*.  For  x*>xde,  a  new  C  is  evalu- 
ated by  equation  30  with  Z)*u=0  and  x*=Xae.  The 
results  of  this  technique  applied  to  an  irregular 
slope  are  shown  in  figure  11. 

Erosion  Equations  Not  Based  on  Equation  2 

Although  equations  7  and  8  are  basic  and 
fundamental  erosion  equations,  they  mask  cer- 
tain important  effects  of  the  erosion  process.  Ne- 
glect of  the  influence  of  sediment  load  on  detach- 
ment rate  as  expressed  in  equation  2  is  inconse- 
quential for  many  relatively  uniform  slopes  be- 
cause the  sediment  load  apparently  fills  only  a 
small  percent  of  Tc  as  indicated  by  table  2. 
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Figure  11. — Sediment  load  along  an  irregular  slope  as 
predicted  by  dividing  the  slope  into  uniform  incre- 
ments. 


Where  equation  2  is  not  used,  the  expressions 
for  the  delivery  rates  of  particles  from  the  inter- 
ril  areas  to  rill  flow  and  for  flow  detachment 
capacity  are  used  directly  in  the  continuity  equa- 
tion, equation  1,  to  determine  the  sediment  load, 
G.  Making  the  same  assumptions  for  the  me- 
chanics of  subprocesses  as  were  made  in  the  pre- 
ceding section,  the  expression  for  the  sediment 
load  due  to  interrill  erosion  is 

Gi=DiX,  (37) 

the  sediment  load  due  to  rill  erosion  is 

Gr=Csr<iSx2/2,  (38) 

and  the  total  sediment  load  is 

G=Csr«Sx2/2+DiX,  (39) 

where    Cs,=soil  erodibility  factor  for  rill  ero- 
sion. 

The  relative  contributions  of  G,  and  Gt  are 
dependent  on  several  factors,  including  rainfall 
intensity,  runoff  rate,  slope  length,  slope  steep- 
ness, soil  type,  and  surface  microrelief.  In  the 
Palouse  areas  in  the  Northwest,  Gi  is  believed 
to  contribute  little  to  the  total  sediment  load, 
while  in  the  Midwest,  Gr  apparently  contributes 
little  to  G  in  some  cases. 

The  effect  of  slope  length  on  total  soil  loss  from 
a  uniform  slope  has  often  been  expressed  as 
G  Ln  (A3,  A9) .  Values  of  n  were  determined  by 
plotting  G  versus  L  on  a  log-log  scale  and  deter- 
mining the  slope  of  the  resulting  curve.  Such  an 
n  is  given  by  dY/dX,  where  Y=ln  G  and  X=\nL. 
Differentiation  of  equation  39  in  this  manner 
yields 

w=l-t-/3/U+j8),  (40) 
where  /3=Gr/Gi. 

Thus,  n  ranges  from  1  for  /?=0  to  2  for  an  in- 
finitely large  /?.  In  other  words,  n  tends  toward 
1  if  the  contribution  of  interrill  erosion  relative 
to  rill  erosion  is  large,  but  n  approaches  2  if 
interrill  erosion  is  negligible.  Therefore,  factors 
that  affect  /?  will  affect  n.  Those  factors,  as 
shown  by  equation  39,  include  slope  steepness, 
slope  length,  infiltration  rate,  rainfall  intensity, 
and  the  susceptibility  of  soil  to  rill  erosion  rela- 
tive to  its  susceptibility  to  interrill  erosion. 

As  slope  length  increases,  n  increases  because 
of  the  x2  term  in  Gr  compared  to  x  in  Gi  in  equa- 
tion 39.  No  slope  length  effect  is  contained  in  o-, 
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the  excess  rainfall  rate,  since  Wischmeier  (39) 
found  that  the  runoff  volume  per  unit  area  is 
usually  independent  of  slope  length.  Also,  for  up- 
and-down  slope  cultivation,  little  interconnect- 
ing of  rills  is  expected,  and  therefore  an  assump- 
tion of  Csr  being  independent  of  x  is  reasonable. 
Consequently,  the  slope-length  effect  is  ex- 
plained entirely  by  the  x-  and  x  terms. 

As  slope  steepness  increases,  n  increases  pro- 
vided interrill  erosion  increases  less  rapidly 
with  S  than  does  rill  erosion.  For  conditions 
where  raindrop  detachment  limits  G,,  a  decrease 
in  infiltration  rate  increases  runoff  rate  and  thus 
also  Gr,  which  gives  a  larger  n.  Also,  under  simi- 
lar conditions,  an  increase  in  rainfall  intensity 
decreases  n  because  of  the  %-  term  in  D,  and  only 
a  linear  term  of  i  in  a  in  the  Gr  expression.  If 
erodibility  of  a  soil  with  respect  to  flow  is  large, 
n  will  be  larger,  as  experimental  results  show 
(19).  For  example,  on  a  construction  slope  where 
mulches  were  studied  (20),  Gr  —  3G;  and  n  was 
approximately  1.7.  Also,  a  log-log  plot  of  soil  loss 
for  this  study  versus  simulated  slope  length 
showed  the  effect  of  surface  cover.  When  the 
erosion  protection  of  the  surface  cover  failed  and 
allowed  rill  erosion  to  accelerate,  the  value  of  n 
increased.  Thus,  experimental  data  verified  at 
least  the  trend  of  equation  40.  Also,  equation  40 
is  consistent  with  the  1.3  to  1.6  range  for  n 
recommended  by  Wischmeier  and  Smith  (U3) 
for  the  universal  soil  loss  equation. 

The  effect  of  slope  steepness  on  soil  loss  has 
usually  been  expressed  as  G  x  S"  (46)  or  as  the 
quadratic  function  used  in  the  universal  soil  loss 
equation.  The  exponent  p  is  determined  from  a 
log-log  plot  of  G  versus  S,  or  obtained  from 


dY/dS=d(\n  G)/d(\n  S).  The  range  of  p  is 
from  0  to  2  for  the  quadratic  expression.  It  varies 
from  1.1  at  a  4-pct  slope  to  1.7  at  a  20-pct  slope. 
Zingg  (4-6)  recommended  a  constant  p=lA.  The 
value  of  p  of  equation  39  ranges  from  0  to  1.  The 
reasons  for  a  difference  between  p  in  equation 
39  and  the  universal  soil  loss  equation  are  not 
fully  known.  However,  the  equations,  although 
similar  in  form,  are  of  different  types.  Equation 
39  is  a  rate  equation  (i.e.,  weight/width/unit 
time) .  In  order  to  make  equation  39  equivalent 
to  the  universal  soil  loss  equation  (weight/ 
width/  storm  period) ,  it  is  necessary  to  integrate 
with  respect  to  time  for  the  duration  of  runoff 
for  the  given  storm  period.  Since  Wischmeier 
(39)  showed  that  total  runoff  per  unit  area  for 
a  storm  on  agricultural  land  is  a  function  of  slope 
steepness,  duration  of  runoff  and  runoff  rates  as 
well  should  be  functions  of  S.  Therefore,  addi- 
tional 5-dependent  terms  are  needed  to  account 
for  the  effect  of  slope  steepness  on  runoff  where 
equation  39  is  developed  to  express  total  soil  loss 
for  a  storm  period.  Also,  rill  density  could  be  a 
function  of  S.  If  introduction  of  these  S  terms 
into  the  erosion  expressions  causes  total  rill  ero- 
sion for  a  storm  to  become  proportional  to  S2  and 
total  interrill  erosion  for  a  storm  as  proportional 
to  AS-\-B,  equation  39,  developed  to  express  total 
soil  loss  for  a  storm,  takes  on  the  same  form  as 
the  universal  soil  loss  equation  with  respect  to 
slope  steepness.  However,  under  conditions 
where  runoff  rate,  runoff  duration,  and  rill 
density  are  independent  of  slope  steepness,  the 
indicated  p  of  0  to  1  should  be  reasonable.  Steeper 
construction  slopes,  such  as  highway  embank- 
ments, are  examples  of  this  condition. 


EFFECT  OF  VEGETATION,  PLANT  RESIDUES, 
AND  OTHER  MULCHES 


For  erosion  simulation  to  have  maximum  po- 
tential as  a  general  erosion  model,  it  must  be 
capable  of  describing  the  effects  of  vegetation, 
plant  residues,  and  other  mulches.  The  effects  of 
these  materials  can  be  divided  into  three  zones: 
above  the  soil  surface,  at  the  soil  surface,  and 
within  the  soil  (AO) .  The  effect  within  the  soil  is 
usually  to  modify  the  strength  of  the  soil  and  the 
infiltration  capacity  of  the  soil.  Provided  this 
effect  can  be  evaluated,  it  can  be  easily  included 
in  the  simulation. 

Above  the  surface,  vegetation  provides  a  can- 
opy that  reduces  the  energy  of  raindrop  impact. 
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The  rate  of  soil  detachment  by  raindrop  impact 
is  decreased  and  evidence  indicates  that  reduc- 
tion of  raindrop  impact  energy  may  also  decrease 
the  capacity  of  flow  to  detach  and  transport  (16, 
19). 

Material  on  the  soil  surface  reduces  the  sur- 
face area  exposed  to  direct  raindrop  impact  and 
reduces  flow  velocity,  thus  increasing  flow  depth 
for  equal  discharges.  On  interrill  areas,  data 
(19)  for  straw  mulch  rates  of  less  than  1  ton/ 
acre  indicated  that  the  ratio  of  interrill  soil  loss 
with  a  given  mulch  rate  to  the  soil  loss  from  an 
unmulched  surface  is  independent  of  slope  steep- 


ness  for  slopes  less  than  20  pet.  This  ratio  was 
0.62  for  a  0.22-ton/acre  mulch  rate  while  it  was 
0.23  for  a  0.89-ton/acre  mulch  rate.  The  inde- 
pendence of  this  ratio  of  slope  steepness  indi- 
cates that  raindrop-impact  detachment  may  be 
the  controlling  factor  for  these  data.  Thus  mulch 
reduces  interrill  erosion  in  two  ways. 

First,  mulch  protects  a  portion  of  the  interrill 
area  from  direct  raindrop  impact.  This  effect  is 
approximated  by  Dim=£Di,  where  Dim  is  the  de- 
livery rate  of  detached  particles  from  the  inter- 
rill areas  when  there  is  mulch  and  £  is  the  decimal 
fraction  of  the  soil  surface  left  exposed  by  mulch. 
Figure  12  shows  the  variation  of  £  with  mulch 
rate  for  typical  wheat  straw. 

Second,  the  extra  depth  of  water  on  the  surface 
due  to  decreased  flow  velocity  when  mulch  is 
present  cushions  raindrop  impact,  resulting  in 
decreased  raindrop-impact  detachment  (25). 
Figure  12  estimates  the  soil  loss  ratios  for  the 
above  data  to  be  0.75  compared  to  the  observed 
0.62,  and  0.32  compared  to  the  observed  0.23.  The 
difference  is  attributed  to  the  effect  of  increased 
depth  on  the  reduction  of  raindrop-impact  de- 
tachment. However,  an  added  factor  related  to 
flow  depth  is  the  effect  of  mulch  rate  on  infiltra- 
tion. Higher  mulch  rates  protect  the  soil  surface 
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Figure  12. — Relationship  between  portion  of  soil  surface 
exposed  and  mulch  rate  for  wheat  straw.  (From  Fos- 
ter and  Meyer  9.) 


from  sealing,  which  results  in  higher  infiltration 
rates  on  mulched  surfaces  than  on  bare  soil  (18) . 
Higher  infiltration  rates  produce  lower  runoff 
rates,  which  require  shallower  flow  depths.  Con- 
sequently, when  the  effect  of  mulch  on  flow 
depth  and  raindrop-impact  cushioning  is  evalu- 
ated, both  runoff  rate  and  the  effect  of  the  mulch 
on  flow  velocity  must  be  considered. 

The  other  effect  of  material  on  the  soil  surface 
is  to  reduce  rill  erosion  by  reducing  the  shear 
stress  exerted  by  the  flow  on  the  soil  surface.  The 
shear  stress  of  the  flow  is  distributed  between 
the  mulch  pieces  and  the  soil  surface  in  much  the 
same  way  that  it  is  distributed  between  the 
grains  and  the  bed  forms  in  sediment-transport 
analyses.  Only  that  part  acting  on  the  soil  sur- 
face tends  to  detach  soil  particles.  By  this  divi- 
sion of  the  shear  stress,  the  authors  (9)  showed 
that 


.A 


(41) 


where 


and 


„s=shear  stress  of  the  flow  acting  on 

the  soil  with  mulch, 
ss=shear  stress  without  mulch, 
fc=cube  of  the  ratio  of  the  average 
flow  velocity  with  mulch  to  the 
velocity  without  mulch  under  the 
same  conditions  of  soil,  slope,  and 
runoff  rate. 


Straw  Mulch 


K  =  exp{-3.00[1.00-exp(-2.15  M0>65)]} 


K  =  [(Vel.  with  mulch)/(Vel.  without  mulch)] 
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Figure  13. — Effect  of  straw  mulch  rate  on  runoff  veloc- 
ity. (From  Foster  and  Meyer,  9.) 
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Since  Dc  is  proportional  to  r3/2  from  an  earlier 
result,  Dc  and  Tc  are  proportional  to  k.  A  plot  of 
k  versus  mulch  rate  for  wheat  straw  is  shown  in 
figure  13. 

Figures  12  and  13  were  used  to  evaluate  the 
effect  of  straw  mulch  on  interrill  and  rill  erosion 


for  three  different  soil  and  slope  conditions.  The 
results  of  estimating  total  erosion  rates  using 
this  technique  are  shown  in  table  3.  Similar  en- 
couraging results  have  been  obtained  for  crushed 
stone  and  woodchip  mulches  (9). 


Table  3. — Comparison  of  predicted  soil  loss  with  observed  soil  loss  from  35- 
ft  erosion  plots  covered  with  wheat  straw  mulch1 

Mulch  Fox  loam,  Xenia  silt  loam,  Wea  silt  loam, 

rate  15%  slope  3%  slope  5%  slope 

(tons/acre)  Observed       Predicted2       Observed    Predicted2       Observed  Predicted2 


%  0.32  0.47  0.40  0.39  0.25  0.45 

y2               .31  .34  .25  .27  .16  .27 

1  .19  .19  .12  .14  .029  .088 

2  .040  .064    ....     

4                  .024  .024    ....     


1  From  Foster  and  Meyer  (9). 

-  Predictions  are  relative  to  soil  loss  from  the  no-mulch  treatment. 


CONCLUSIONS 


Mathematical  simulation  of  upland  erosion  by 
fundamental  erosion  mechanics  has  the  potential 
for  describing  the  erosion  process  at  any  point  in 
time  and  at  any  location  in  the  watershed.  The 
sediment  loads  at  all  points  and  the  erosion  losses 
from  any  location  can  be  determined.  Further- 
more, prediction  of  deposition  from  overland 
flow  is  an  integral  part  of  the  simulation.  There- 
fore, by  using  this  type  of  analysis,  a  delivery 
ratio  is  not  necessary  for  estimating  the  sedi- 
ment yield  of  upland  areas. 

Two  equations  form  the  basis  of  the  model: 
the  continuity  equation  for  mass  transport  and  a 
sediment  load-flow  detachment  interrelation- 
ship. In  developing  and  solving  these  equations, 
the  erosion  process  was  separated  according  to 
the  source  area  of  sediment:  interrill  and  rill  ero- 
sion. Interrill  erosion  is  a  function  of  raindrop- 
impact  detachment  of  soil  particles  and  the 
transport  capacity  of  the  combined  effects  of 
raindrop  impact  and  the  thin  sheet  flow  occurr- 
ing on  interrill  areas.  Rill  erosion  requires  an 
analysis  of  the  detachment  capacity  of  rill  flow, 
the  transport  capacity  of  rill  flow,  and  the  depo- 
sition potential  of  the  sediment  load  from  rill 
flow.  Many  of  the  relationships  developed  for 
streamflow  seem  applicable  to  rill  flow. 

This  type  of  erosion  simulation  requires  a  hy- 
drologic  model  of  the  watershed  runoff.  A  kine- 
matic overland  flow  model  provides  the  inputs 


for  the  erosion  simulation  technique  as  developed 
herein.  Erosion  simulations  using  such  a  runoff 
model  were  made  for  35-ft  erosion  plots.  The  pre- 
dicted results  compared  favorably  with  observed 
results. 

The  erosion  model  was  reduced  to  equation 
form.  The  resulting  equations  provided  a  simpler 
means  of  analyzing  the  erosion  characteristics  of 
less  complex  areas,  such  as  developmental  sites. 
Furthermore,  these  equations  revealed  charac- 
teristics of  the  erosion  process  that  are  useful  in 
interpreting  some  earlier  research  findings.  An 
example  is  a  logical  explanation  of  the  variation 
found  in  the  length  exponent  as  used  in  empirical 
erosion  equations. 

The  effects  of  vegetation  and  mulches  on  the 
mechanics  of  erosion  were  considered.  Those  ef- 
fects can  be  included  in  the  erosion  simulation  to 
make  it  a  more  general  model. 

The  erosion  simulation  model  as  described 
herein  is  not  ready  for  universal  application  to 
design  problems.  Many  of  the  basic  relationships 
have  not  been  fully  developed.  Also,  information 
is  not  available  concerning  the  erodibility  of 
various  soils  with  respect  to  erosion  by  either 
raindrop  impact  or  flow,  and  little  is  known 
about  rill  formation.  However,  to  a  limited  de- 
gree, these  techniques  can  be  applied  to  prob- 
lems such  as  the  design  of  slope  shapes,  selection 
of  mulch  rates,  and  estimates  of  sediment  yields 
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for  less  complex  areas  (such  as  construction 
sites) ,  if  the  user  understands  the  assumptions 
used  in  the  development  of  the  equations.  These 
techniques  are  also  being  used  to  better  under- 
stand and  interpret  previous  research  findings. 


One  of  the  greatest  benefits  to  date  is  that  the 
development  of  these  analyses  clearly  shows 
areas  of  deficient  knowledge  and  can  consequent- 
ly guide  in  the  planning  of  future  research  that 
will  be  productive  and  beneficial. 
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APPENDIX.— MATHEMATICAL  NOTATION 


a    Exponent  in  equation  for  Dc. 
A    Term  given  by  2  —  Q0  +  4/a. 
Ai    Total  amount  of  detachment  on  an  interrill 
area  during  a  rainstorm  (weight/area). 
C    Constant  of  integration. 

Cd    Coefficient  relating  rate  of  deposition  to  the 


difference  between  transport  capacity  and 

sediment  load. 
CD    Coefficient   relating   tractive   force  (shear 

stress)  to  detachment  capacity. 
Cj    Constant  relating  kinetic  energy  per  unit  of 

rainfall  to  rainfall  intensity. 
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Csi    Coefficient  for  transportability  of  detached 

particles  in  interrill  flow. 
Ceo    Constant  to  account  for  the  transport  capacity 

of  interrill  flow  at  zero  slope. 
Car    Coefficient  relating  soil  factors  to  rill  erosion. 
CT    Coefficient   relating   tractive   force  (shear 

stress)  to  transport  capacity. 
Ct    Coefficient  in  equation  for  Dc. 
dT    Dispersion  ratio. 

Relative  rill  detachment  rate,  D.!:  =  LDr/TC0. 
D^u    Relative  rill  detachment  at  the  upper  end  of  a 

slope  increment. 
Dc    Detachment  capacity  of  rill  flow  at  a  location 

(weight/unit  area/time) . 
Dco    Detachment  capacity  of  rill  flow  at  the  end  of 

a  uniform  slope  (weight/unit  area/time). 
Dd    Deposition  rate  (negative  detachment  rate) 
from  sediment  load  in  rill  flow  (weight/unit 
area/time) . 

Bi  Delivery  rate  of  detached  soil  particles  from 
interrill  areas  to  rill  flow  (weight/unit 
area /time) . 

Dim    Delivery  rate  of  detached  soil  particles  from 

interrill  areas  when  mulch  is  present. 
Dio    Interrill  delivery  rate  on  reference  uniform 

slope  (weight/area/time). 
Du.    Interrill  delivery  rate  relative  to  interrill  de- 
livery rate  from  reference  uniform  slope. 
Dr    Flow  detachment  rate  in  the  rills  at  a  location 
(weight/unit  area/time) . 
Dtci    Transport  capacity  per  unit  area  of  interrill 
flow  (weight/unit  area/time), 
e    Kinetic  energy  per  unit  of  rainfall  (force-dis- 
tance/unit area/unit  of  rainfall). 
Ehe    Total  kinetic  energy  of  a  rainstorm  (force-dis- 
tance/ unit  area) . 
/    Darcy-Weisbach  coefficient  of  friction  for 
runoff  model. 
g.x    Relative  detachment  or  transport  capacity, 

9*  =  DC/DC0  or  Tc/Tco. 
g    Acceleration  of  gravity  (32.2  ft/s2). 
G    Sediment  load  of  flow  at  any  location  on  a 

slope  (weight/unit  width/time) . 
G*    Relative  sediment  load,  G%  =  G/TC0. 
G*e    Relative  sediment  load  at  ^=1. 
G%u    Relative  sediment  load  at  the  upper  end  of  a 
slope  increment. 
G;    Sediment  load  due  to  interrill  erosion  (weight/ 

width /time) . 
GT    Sediment  load  due  to  rill  erosion  (weight/ 
width /time) . 
h    Elevation  along  land  profile. 
H    Difference  in  elevation  of  land  profile  be- 
tween x  =  0  and  x=L. 
i    Rainfall  intensity  (depth/time). 
i30    Maximum  30-min  intensity  (inches/hour). 
k    Cube  of  the  ratio  of  the  flow  velocity  with 
mulch  to  the  velocity  without  mulch. 
KBJ,KF    Coefficient  for  effect  of  soil  properties  on 
interrill  detachment. 


L    Length  of  land  profile. 
Li    Length  of  interrill  slope. 
m    Exponent  in  land  profile  equation. 
n    Slope  of  log-log  plot  of  sediment  load  versus 
distance. 

p    Slope  of  the  log-log  curve  of  sediment  load 

versus  slope  steepness. 
q    Discharge  on  the  land  profile  (volume/unit 
width/time) . 
qoi    Discharge   on  interrill  areas  (volume/unit 
width /time) . 
S    Slope  steepness  of  land  profile. 
S    Logarithm  transformation,  S  =  ln  S. 

Relative  slope  along  a  land  profile,  S:]:  =  S/S0. 
S,    Slope  of  interrill  area. 

S0    Slope  of  the  reference  uniform  profile  that 
passes  through  the  end  points  of  the  given 
land  profile. 
t  Time. 

Tc    Flow-transport  capacity  at  a  location  (weight/ 

unit  width/time) . 
Tco    Rill-flow  transport  capacity  at  the  end  of  a 

uniform  slope  (weight/unit  width/time). 
Tci    Transport  capacity  of  interrill  flow  (weight/ 
unit  width/ time) . 
x    Distance  from  the  upper  slope  end. 
Relative  distance,  xjj,  =  x/L. 
x^u    Relative  distance  of  the  upper  end  of  a  slope 
increment. 

xde    Relative  distance  where  deposition  ends. 
xd    Relative  distance  where  deposition  begins. 
xm    Relative  distance  of  point  of  maximum  rill  de- 
tachment rate. 
X    Logarithm  transformation,  X  =  ln  x*. 
~y    Average  flow  depth  from  runoff  model. 
Y    Logarithm  transformation,  F  =  ln  G*. 

Relative  elevation  of  land  profile,  ZSf  =  h/H. 
a    Rill  erosion  parameter,  a  =  LDc0/Tco. 
ad    Deposition  parameter,  ad  =  LCd. 
ft    Ratio  of  interrill  sediment  load  to  rill  sediment 

load,J8=Gr/Gi. 
y    Weight  density  of  runoff  (weight/volume). 
Ax*    Increment  length  of  relative  distance. 
0    Interrill  erosion  parameter,  Q  =  LDi/TC0. 
90    Interrill  erosion  parameter  for  reference  uni- 
form slope. 

£    Decimal  fraction  of  soil  surface  area  left  ex- 
posed by  a  given  mulch  rate, 
o-    Excess  rainfall  rate  =  rainfall  intensity  —  in- 
filtration rate  (depth/time). 
T    Average  tractive  force  (shear  stress)  at  a  lo- 
cation (force/area). 
Tcr    Critical  tractive  force  of  the  soil  (force/area) . 
Tms    Average  shear  stress  exerted  by  flow  on  the 

soil  surface  when  mulch  is  present. 
T$s    Average  shear  stress  exerted  by  flow  on  a  soil 
surface  with  no  mulch  present. 
$    Constant  describing  rate  of  increase  of  inter- 
rill transport  capacity  with  rainfall  inten- 
sity. 
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USING  A  SCOUR  AND  DEPOSITION  MODEL 
TO  DETERMINE  SEDIMENT  YIELD 


By  William  A.  Thomas1 


INTRODUCTION 


The  computer  program  described  in  this  paper 
was  designed  for  use  in  analyzing  the  effect  of  a 
reservoir  or  channel  modification  on  the  capa- 
bility of  a  stream  to  transport  sediment.  The 
sediment  yield  of  a  stream  is  important  input 
information  to  such  a  study,  but  average  annual 
values  are  not  sufficient  when  both  scour  and 
depositon  occur.  In  such  cases  it  is  necessary  to 
relate  sediment  load  to  water  discharge  and 
study  the  response  of  the  stream  to  the  water- 
sediment  mixture  during  a  hydrograph  of  flows. 
The  water-sediment  relationship  is  calibrated  to 
produce  the  proper  sediment  yield,  when  inte- 
grated with  respect  to  time,  while  insuring  that 
the  simulation  will  maintain  the  proper  bed  pro- 
file throughout  the  study  area. 


If  the  inflowing  sediment  load  is  too  large,  the 
model  will  respond  by  increasing  its  bottom  slope 
and  water  velocity  until  a  new  flow  condition 
that  will  transport  the  inflowing  sediment  load 
is  established.  On  the  other  hand,  if  the  inflowing 
load  is  too  small,  the  flow  will  attack  the  model 
bed  to  establish  the  proper  sediment  transport 
for  the  hydraulic  conditions  and  thereby  de- 
crease bed  slope  and  water  velocity.  This  continu- 
ity of  sediment  material  is  a  valuable  considera- 
tion when  determining  the  total  bed-material 
load  and  the  locations  where  bed  material  is  con- 
tributed by  lateral  inflow  from  sources  other 
than  the  channel.  A  brief  discussion  about  the 
capability  of  the  model  will  be  followed  by  an 
example  problem. 


CAPABILITY  OF  COMPUTER  PROGRAM 


The  movable-boundary  problem  is  simplified 
into  one  involving  only  a  movable  bed  in  the 
channel.  The  horizontal  location  of  the  channel 
banks  is  considered  fixed,  and  the  flood  plain  on 
each  side  of  the  channel  is  considered  as  having 
a  fixed  ground  surface.  This  is  similar  in  concept 
to  the  movable-bed  hydraulic  model. 

By  entering  a  sequence  of  water  discharges 
from  a  discharge  hydrograph,  changes  are  calcu- 
lated with  respect  to  time  and  with  respect  to 
distance  along  the  model  for  the  following:  total 
bed  material,  volume  and  gradation  of  material 
deposited,  armoring  of  the  bed  surface,  sediment 
load  and  gradation  of  material  passing  each 
cross  section,  and  resulting  bed  elevation.  In  ad- 
dition, sediment  outflow  at  the  downstream  end 
of  the  model  is  calculated.  The  location  and 


1  Research  hydraulic  engineer,  Hydrologic  Engineer- 
ing Center,  U.S.  Army  Corps  of  Engineers,  609  Second 
St.,  Davis,  Calif.  95616. 


amount  of  material  that  has  to  be  dredged  is 
calculated  if  that  option  is  desired. 

The  geometry  of  the  physical  system  is  repre- 
sented by  cross  sections  specified  by  coordinate 
points  (stations  and  elevations)  and  the  distance 
between  them.  Hydraulic  roughness  is  measured 
by  Manning's  w-values,  and  it  can  vary  in  space 
from  cross  section  to  cross  section,  in  elevation 
at  each  cross  section,  and  along  each  cross  section 
as  required  to  reflect  prototype  conditions. 

The  water  discharge  hydrograph  is  approxi- 
mated by  a  sequence  of  steady  flow  discharges, 
each  of  which  flows  for  a  specified  number  of 
days.  Water  surface  profiles  are  calculated  by 
using  the  standard  step  method  to  solve  the  en- 
ergy equation.  Friction  loss  is  calculated  by  Man- 
ning's equation,  and  expansion  and  contraction 
losses  will  be  included  if  the  respective  loss  co- 
efficients are  specified.  The  velocity  distribution 
across  each  section  is  calculated  unless  this  op- 
tion is  suppressed. 
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It  is  necessary  to  specify  the  water-surface 
elevation  at  the  downstream  end  of  the  model  so 
that  water-surface  profile  calculations  can  be- 
gin. In  the  case  of  a  reservoir  the  operating  policy 
is  utilized,  but  if  open  river  conditions  exist,  a 
stage  discharge  rating  curve  is  usually  specified 
for  the  downstream  end  of  the  model. 

The  inflowing  sediment  load  is  related  to  water 
discharge  by  a  rating  table  at  the  upstream  end 
of  the  model.  If  the  gradation  of  material  in  the 
bed  is  known — and  it  must  be  if  realistic  depths 
of  scour  of  the  bed  are  required — this  gradation 
is  specified  for  each  cross  section.  (However,  if 
only  deposition  is  expected,  the  gradation  of  ma- 
terial in  the  bed  can  be  calculated  by  the  pro- 
gram, based  upon  the  inflowing  water-sediment 
mixture.) 

Sediment  mixtures  are  classified  by  grain-size 
fraction  according  to  the  American  Geophysical 


Union  scale.  The  program  transports  five  frac- 
tions of  gravel,  from  very  fine  (2  mm)  to  very 
coarse  (64  mm) ,  and  five  fractions  of  sand  from 
very  fine  (0.0625  mm)  to  very  coarse  (2  mm). 

Transport  capacity  is  calculated  at  each  cross 
section  by  using  hydraulic  data  obtained  during 
the  calculation  of  water-surface  profiles  (e.g., 
width,  depth,  slope,  and  velocity  of  flow)  and 
the  gradation  of  bed  material  for  that  cross  sec- 
tion. 

Three  options  are  available  for  calculating 
transport  capacity:  Toffaleti's  application  of 
Einstein's  bedload  function,2  Laursen's  relation- 
ship as  modified  by  Madden  for  large  rivers,3  or 
a  special  relationship  developed  for  the  particu- 
lar study  and  specified  as  transport  capacity  per 
unit  of  width  versus  the  water  depth-energy 
slope  product. 


INPUT  DATA  REQUIREMENTS 


In  simulation  studies  it  is  important  for  the 
engineer  to  apply  the  computer  to  his  study  rath- 
er than  spending  his  time  simplifying  and  ap- 
proximating the  study  until  it  will  fit  the  re- 
quirements dictated  by  a  computer  program.  De- 
tailed sediment  studies  involve  large  amounts  of 
data,  whereas  the  more  general  case  involves 
studies  in  which  only  a  small  amount  of  data  is 


available.  These  are  conflicting  requirements  so 
far  as  computer  programing  is  concerned,  and 
such  conflict  often  diminishes  the  usefulness  of 
a  program.  In  this  program,  provision  has  been 
made  to  accept  as  little  or  as  much  data  as  avail- 
able and  to  analyze  it.  Therefore,  the  program  is 
useful  over  a  wide  range  of  studies.  Of  course, 
the  results  are  no  more  dependable  than  the  data 
used  to  obtain  them. 


EXAMPLE  APPLICATION 


To  illustrate  the  use  of  the  program,  a  sample 
study  is  presented  in  which  the  bed-material  load 
for  the  Trinity  River  near  Romayor,  Tex.  (river 
mile  94.3)  is  being  established.  Basic  data  are 
grouped  into  four  major  categories: 

1.  Geometry  of  the  stream  as  defined  by  cross 
sections  and  reach  lengths  (geometric  model) . 

2.  A  description,  by  grain-size  classification,  of 
the  inflowing  water  versus  sediment  discharge 
and  the  sediment  material  in  the  bed  of  the 
stream  (the  sediment  model) . 

3.  Streamflow  hydrographs  (the  hydrologic 
model) . 

4.  A  description  of  the  water-surface  eleva- 
tions at  the  downstream  end  of  the  model  (the 
operating  rule) . 

The  Geometric  Model 

Figure  1  shows  a  typical  cross  section  of  the 
river  channel  and  flood  plain  in  the  study  reach. 


The  limits  of  the  movable  bed  are  shown  on  the 
cross  section.  All  bed-material  load  is  considered 
to  move  within  the  movable-bed  portion  of  the 
section.  Nine  sections  were  used  to  describe  the 
study  area. 

The  Sediment  Model 

The  gradation  curves  shown  in  figure  2  were 
compiled  from  grab  samples  of  surface  material 
in  the  bed  and  banks.  Each  curve  represents  a 
different  water  discharge  since  each  is  at  a  dif- 


2  Toffaleti,  F.  B.  1968.  A  procedure  for  computation 
of  the  total  river  sand  discharge  and  detailed  distribu- 
tion, bed  to  surface.  U.S.  Army  Corps  of  Engineers  Com- 
mittee on  Channel  Stabilization  Technical  Report  No.  5, 
172  pp.  Vicksburg,  Miss. 

3  Madden,  E.  B.  1965.  Channel  design  for  modified 
sediment  regime  conditions  on  the  Arkansas  River.  In 
Proceedings  of  the  Federal  Inter-Agency  Sedimentation 
Conference  1963,  pp.  335-352.  U.S.  Department  of  Agri- 
culture Miscellaneous  Publication  No.  970. 
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f  erent  elevation,  and  the  samples  were  made  dur- 
ing a  period  when  the  water  surface  was  lower 
than  all  sample  points. 

Figure  3  shows  data  points  for  the  suspended- 
sediment  load  passing  the  Romayor  gage.  Fig- 
ures 2  and  3  are  actually  redundant  data  sources 
and,  therefore,  one  must  complement  the  other 
when  they  are  used  together  in  the  sediment 
model.  That  is,  the  size  and  gradation  of  material 
in  the  bed  must  produce  the  size  and  gradation 
of  suspended  material  at  the  Romayor  gage  when 
the  sediment  transport  equations  are  applied. 
Otherwise,  one  of  these  data  sources  is  not  valid. 

The  maximum  grain  size  sampled  in  the  bed  is 
0.59  mm.  Therefore,  the  sand  load  in  the  stream- 
bed  (curve  2,  fig.  2)  can  be  subdivided  into,  at 
most,  four  grain-size  classifications,  as  follows: 


Classif  ication    Grain  diameter,  mm 

Very  fine  sand  0.0625-0.125 

Fine  sand   125  -  .250 

Medium  sand  250  -  .500 

Coarse  sand  500  -1.000 


Fraction  of 
total  sample 

0.51 
.35 
.02 
.01 


Figure  1. — Sample  cross  section. 
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Figure  2. — Gradation  of  bed  surface. 
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The  Hydrologic  Model 

Figure  4  shows  a  sample  year  of  the  5-yr  dis- 
charge hydrograph  after  it  was  converted  into  a 
discharge  histogram.  The  5-yr  histogram  was 
passed  through  the  study  area  one  discharge  at  a 
time,  and  after  each  discharge,  all  cross  sections 
were  adjusted  for  scour  and  deposition.  There 
are  no  major  tributaries;  therefore,  all  flow  en- 
ters at  the  upstream  end  and  passes  out  at  the 
downstream  end  of  the  study  area. 

Curve  2  gradation  was  used  because  the  corre- 
sponding water  discharge  was  the  same  as  the 
first  discharge  in  the  hydrograph  to  be  analyzed. 


The  Operating  Rule 

The  term  "operating  rule"  is  more  applicable 
to  cases  where  a  dam  forms  the  downstream 
boundary  of  the  study  area  and  reservoir  levels 
fluctuate  according  to  a  rule  curve.  In  this  case 
no  dam  is  present  and  water  levels  at  the  down- 
stream boundary  are  directly  related  to  water 
discharge  by  a  discharge  rating  curve. 

Response  of  Model 

Figure  5  shows  the  bed  profile  at  the  beginning 
and  at  the  end  of  the  5-yr  hydrograph.  There  is 
essentially  no  change  to  this  profile,  even  in  the 
deep  hole  at  mile  108.6.  This  indicates  the  proper 
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Figure  4. — Water  discharge  histogram. 
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inflowing  sediment  load  has  been  determined  for 
this  model. 

The  following  table  shows  accumulated  in- 
flowing and  outflowing  sediment  loads.  Again, 
no  trend  is  established  for  the  model  to  either 
scour  or  deposit. 


Year 


Accumulated  volume  in  acre-feet 


Inflow 

Outflow 

Difference 

1960  .. 

...  1,139 

1,489 

-350  , 

1961  •  . 
1962 

...  1,413 
.  ■  •  1,528 

1,823 
1,964 

-410  | 
-436  J 

-60 
-26 

1963 

...  1,632 

2,090 

-458  | 

-22 

19.64 

...  2,199 

2,675 

-476  J 

-18 

70 


60 


_  50 


40 


30 


20 


CONCLUSION 

Calculations  based  on  the  gradation  curves  for 
thestreambed  (fig.  2)  produced  suspended  loads 
that  agree  closely  with  those  presented  in  figure 
3.  As  a  result,  the  load  curves  of  figure  3  will  be 
satisfactory  for  use  in  this  computer  program 
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Figure  5. — Bed  profiles. 


for  assessing  the  impact  of  a  channel  modifica- 
tion on  the  ability  of  the  river  to  transport  sedi- 
ment through  this  reach.  Moreover,  if  these 
curves  were  integrated  with  the  flow  duration 
curve,  the  expected  annual  sand  yield  for  the 
Trinity  River  at  Romayor  would  result. 
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POTENTIALS  OF  USDAHL  MODELS  FOR 
SEDIMENT-YIELD  PREDICTIONS 

By  H.  N.  Holtan,  C.  L.  Yen,  and  G.  H.  Comer1 


INTRODUCTION 


Comprehensive  modeling  of  watershed  hydrol- 
ogy can  serve  a  great  many  purposes.  We  wel- 
come this  invitation  to  discuss  the  USDA  Hydro- 
graph  Laboratory's  (USDAHL)  potential  for 
contributing  to  the  solution  of  soil-erosion  and 
sediment-transport  problems.  Water  transports 
sediment,  and  the  hydrologic  performance  of  ag- 
ricultural watersheds  is  a  full-time  concern  of 
USDAHL.  The  sequential  paths  of  water  across 


the  watershed  and  through  its  drainage  system 
bear  directly  upon  the  capacity  of  flows  to  de- 
tach and  transport  particles  of  soil.  Two  models 
under  study  in  our  laboratory  are  unique  in  their 
capacities  for  the  time  and  space  sequencing  of 
waterflow.  The  "USDAHL-70  Model  of  Water- 
shed Hydrology"  is  published,2  and  the  "USDA- 
HL 3-Tube  Model  of  Flood  Routing"  is  currently 
under  development. 


USDAHL-70  MODEL  OF  WATERSHED  HYDROLOGY 


With  the  use  of  USDAHL-70,  computations 
and  printouts  can  be  obtained  for  overland  flow, 
infiltration,  evapotranspiration,  subsurface  re- 
turn flow,  deep  seepage,  and  resulting  soil  mois- 
ture status  for  discrete  zones  of  soil-land  use 
complexes  on  a  watershed.  Input  and  computa- 
tions use  variable  time  increments,  and  results 
can  be  printed  out  in  detail  or  as  summaries,  for 
example,  of  daily  or  monthly  values.  The  model 
can  be  applied  to  a  watershed  having  several 
zones,  with  or  without  cascades  of  flow  from  one 
zone  to  another,  or  it  can  be  applied  to  a  single 
zone  of  soil-cover  complex.  We  have  used  hypo- 
thetical cases  to  demonstrate  the  type  of  output 
obtainable  from  the  model.  A  soil  having  12  inch- 
es of  A-horizon  is  assumed  in  these  calculations. 
Results  may  differ  greatly  for  soils  having  thick- 
er or  thinner  topsoils  because  the  A-horizon 
greatly  influences  infiltration. 

Monthly  accumulations  of  subsurface  return 
flow,  overland  flow,  and  the  daily  status  of  soil 
moisture  computed  for  a  hypothetical  annual 


1  Hydraulic  engineers,  USDA  Hydrograph  Labora- 
tory, Soil,  Water  and  Air  Sciences,  Agricultural  Re- 
search Service,  Beltsville,  Md.  20705. 

2  Holtan,  H.  N.,  and  Lopez,  N.  C.  1971.  USDAHL-70 
model  of  watershed  hydrology.  U.S.  Department  of  Agri- 
culture Technical  Bulletin  No.  1435,  84  pp. 


rainfall  on  a  hypothetical  soil  are  presented  for 
corn  in  figure  1  and  for  grass  in  figure  2.  The 
path  of  flow,  i.e.,  surface  or  subsurface,  is  im- 
portant in  that  only  surface  flows  carry  sedi- 
ment. Vegetative  density  increases  infiltration. 
Therefore,  lesser  infiltration  and  greater  sur- 
face flow  occur  on  corn  than  on  grass.  Corn  also 
affords  lesser  protection  to  the  soil  against  par- 


SUBSURFACE  FLOW 
/"""" 


Figure  1. — Flow  distribution  for  deep  soil  in  cornland 
(hypothetical) ,  computed  by  USDAHL-70  model. 
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Figure  2. — Flow  distribution  for  deep  soil  in  bluegrass- 
land  (hypothetical),  computed  by  USDAHL-70 
model. 

tide  detachment  by  rainfall  impact.  The  accumu- 
lated flows  and  the  moisture  status  given  in  fig- 
ures 1  and  2  are  also  of  interest  in  problems  of 
water  pollution  by  solubles. 

Monthly  volumes  of  surface  and  subsurface 
flows  for  contoured-row  corn,  straight-row  corn, 
and  grass  are  given  in  figure  3.  In  the  case  of 
corn,  fertilizers  are  incorporated  into  the  soil 
usually  in  May  after  subsurface  flows  have  prac- 
tically ceased.  Subsurface  flows  in  the  late  fall 
are  exposed  only  to  those  fertilizers  unused  by 
summer  crops.  Surface  additives  such  as  pesti- 
cides and  other  agricultural  chemicals  may  be 
removed  by  overland  flows  predominant  during 
the  growing  season  of  corn.  In  grassland,  most 
chemical  additives  are  applied  on  the  land  sur- 
face, whereas  most  of  the  flow  follows  a  subsur- 
face route.  Thus,  land  use  determines  the  type 
and  placement  of  chemical  additives  and  also 
greatly  influences  the  path  of  excess  water.  Both 
must  be  considered  in  questions  of  pollution 
from  chemical  additives  in  agriculture.  Tillage 
practices  also  greatly  influence  the  paths  of  flow. 
Corn  planted  in  straight  rows  (fig.  4)  yielded 
about  4  times  as  much  accumulative  surface  run- 
off and  about  three-fourths  as  much  accumula- 
tive subsurface  flow  as  did  corn  planted  on  the 
contour.  This  is  a  significant  difference  in  the 
erosion  forces  of  surface  runoff.  The  time  of 
flow  occurrence  may  also  be  important.  In  figure 
4,  it  appears  that,  for  this  rainfall  distribution 


J       F      M       A      M       J       J       A      S      0      N  0 

Figure  3. — Surface  and  subsurface  flows  for  cornland 
and  grassland  (hypothetical),  computed  by  USDA- 
HL-70 model. 


Figure  4. — Surface  and  subsurface  flows  for  cornland 
(hypothetical) ,  computed  by  USDAHL-70  model. 


on  this  soil,  more  subsurface  flow  is  likely  to 
occur  later  in  June  and  July,  after  placement  of 
fertilizers,  if  the  corn  is  planted  on  the  contour. 
Perhaps  we  need  more  research  on  this  possi- 
bility. Differences  in  total  outflow  (surface  plus 
subsurface)  from  straight  rows  (21.9  inches) 
and  from  contoured  rows  (18.8  inches)  are  due 
to  greater  moisture  content  for  evapotranspira- 
tion  under  contoured  rows. 

Planting  corn  on  the  contour  also  reduced  the 
velocity  of  overland  flow.  The  hydrographs  in 
figure  5,  for  corn  in  straight  rows  up  and  down 
hill  and  for  corn  on  the  contour,  were  obtained 
in  the  USDAHL-70  model  by  routing  rainfall  in 
excess  of  infiltration  through  applications  of 
continuity  and  the  equation  of  overland  flow. 

q=aDan,  (1) 

where      (7=overland  flow  rate  in  surface  inch- 
es per  hour, 
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and 


a=the  rate  of  overland  flow  produced 
by  an  average  depth  of  1  inch, 

n=a  constant,  3.0  for  laminar  flow 

and  1.67  for  turbulent  flow, 
jDa=average  depth  of  flow  in  inches. 


The  value  of  a  varies  directly  as  the  slope  for 
laminar  flow  and  directly  as  the  square  root  of 
slope  for  turbulent  flow;  however,  a  is  inversely 
related  to  length  of  flow  path  when  expressed  in 
surface  inches  per  hour.  In  figure  5,  the  value  of 
a  was  assumed  equal  to  0.1  inch/h  for  contoured 
rows  and  equal  to  100  inches/h  for  rows  running 
up  and  down  hill. 

With  assumed  laminar  flow,  peak  flows  for 
straight  rows  of  corn  in  figure  5  are  approxi- 
mately 5  times  as  great  as  the  peaks  computed 
for  contoured  corn.  The  erosion  potentials  are, 
perhaps,  in  a  similar  ratio. 

The  average  depth  over  an  area  of  flow  can  be 
computed  as 


Da={q/ay>\ 


(2) 


Thus,  the  maximum  value  of  Da  for  straight 
rows  was  (1.87/100)  °-33,  or  0.2654  inch,  and  for 
contoured  rows  the  maximum  Da  was  equal  to 
1.57  inches  average  depth.  The  average  depth  of 
a  given  flow  rate  can  be  used  to  compute  an  index 
of  peak  average  velocity: 


v=(q/Da), 


(3) 


where    r=average  velocity  in  linear  inches  per 
hour  per  unit  length. 

Computed  average  velocity  at  peak  flow  was 
1.87/0.2654=7.046  inches/h/inch  of  flow  length 
for  straight  rows,  compared  to  0.248  inch/h  for 
contoured  rows  of  corn.  If  these  peaks  of  over- 
land flow  were  computed  for  slopes  1,000  ft  in 
length,  the  average  velocities  would  be  1.96  ft/s 
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EFFECT  OF  ROW  DIRECTION  ON  OVERLAND 
FLOW  (HYPOTHETICAL) 
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Figure  5. — Effect  of  row  direction  on  overland  flow 
(hypothetical) . 

and  0.07  ft/s  for  straight  rows  and  contoured 
rows,  respectively.  A  velocity  reduction  in  the 
ratio  of  28  to  1.0  is  undoubtedly  significant  in 
erosion  potentials. 

The  average  depth  of  expected  peak  flow  is 
also  of  interest  in  the  design  of  terraces  or  row 
gradients.  In  corn  rows,  if  the  flow  is  concen- 
trated on  about  one-third  the  area,  Da  equal  to 
1.57  inches  would  be  almost  5  inches  deep  be- 
tween contoured  rows  on  this  soil.  This  may  pose 
problems  of  overtopping  and  thus  indicate  a  need 
for  some  minimum  row  gradient  for  a  particular 
soil-cover  combination. 

The  hypothetical  case  is  used  here  to  illustrate 
potentials  of  the  USDAHL-70  model.  These 
facets  of  computation  are  to  be  tested  and  im- 
proved through  applications  to  the  ARS  research 
plots  at  Holley  Springs,  Miss.,  and  to  the  tribu- 
tary areas  of  Pigeon  Roost  Experimental  Water- 
shed under  an  existing  cooperative  study  by  the 
USDA  Sedimentation  Laboratory  and  USDA- 
HL. 


USDAHL  3-TUBE  MODEL  OF  FLOOD  ROUTING 


The  second  model,  USDAHL  3-tube  model  of 
flood  routing,  will  also  be  tested  and  improved 
under  the  cooperative  study  by  the  two  labora- 
tories. Flood-routing  techniques  in  current  prac- 
tice are  based  on  the  assumption  that  the  water 
surface  must  be  level  across  a  given  cross  section; 
hence,  velocities  are  represented  as  the  average 
of  channel  and  flood-plain  flow.  With  the  USDA- 
HL 3-tube  model,  the  method  of  characteristics3 


3  Henderson,  F.  M.  1966.  Open  channel  flow.  522  pp. 
Macmillan,  New  York. 
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is  used  to  solve  discretely  for  water-surface  ele- 
vations in  the  main  channel,  the  left  flood  plain, 
and  the  right  flood  plain.  The  result  is  an  uneven 
water  surface  due  to  differences  in  gradient, 
roughness,  depth,  and  length  of  flow.  Interac- 
tions tending  toward  a  level  surface  are  com- 
puted with  wave  velocity  for  lateral  flow  to  or 
from  the  main  channel.  The  two  solutions,  longi- 
tudinal and  lateral,  are  iterated  for  each  time  in- 
crement until  the  increment  of  change  in  eleva- 
tion is  within  some  adopted  limit. 


A  convex  water  surface  typical  of  a  rising 
stream  is  illustrated  in  figure  6  for  a  hypotheti- 
cal reach  of  six  cross  sections  (stations)  used  in 
this  study.  Arrows  imply  that  resultant  flows 
from  channel  to  flood  plains  are  computed  by 
the  model.  The  critical-depth  weir  at  the  last 
station  is  assumed  in  order  to  eliminate  back- 
water effects  from  downstream  reaches.  Figure 
7  presents  the  hypothetical  hydrograph  of  in- 
flow to  station  1.  Many  imperfect  assumptions 
are  still  evident,  but  this  is  a  discussion  of  poten- 
tials of  model  contribution,  not  necessarily  of  re- 
fined results.  The  medium  for  translation  to  sedi- 
ment studies  is  envisioned  to  be  velocities  and 
changes  in  velocities. 

Velocities  in  the  channel  and  on  each  flood 
plain  are  given  in  figures  8  and  9  as  computed 
for  stations  1  and  3,  respectively,  based  on  equal 
coefficients  of  roughness,  n.  If  average  veloci- 
ties were  used  in  sediment-transport  computa- 
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Figure  6. — Hypothetical  channel  reach  of  six  stations 
used  in  the  USDAHL  3-tube  routing  test. 
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Figure  7. — Inflow  hydrograph  (theoretical) . 
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Figure  8. — Velocities  at  station  1,  USDAHL  3-tube  rout- 
ing. 
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Figure  9. — Velocities  at  station  3,  USDAHL  3-tube  rout- 
ing. 

tions,  they  would  obliterate  the  differences  in 
transport  capacities  of  the  main  channel  and  the 
flood  plains.  The  greater  difference  between 
channel  and  flood-plain  velocities  at  station  1  is 
due  to  an  assumption  that  more  inflow  to  the 
reach  entered  directly  to  the  channel;  inflow  en- 
tered the  reach  in  the  proportions  of  existing 
flows  in  the  three  tubes  at  station  1.  At  station 
3,  the  flood  plains  have  received  lateral  flow 
from  the  channel,  over  the  distance  from  station 
1  to  station  3,  but  even  at  station  3  the  average 
velocity  is  a  poor  index  of  sediment-transport 
capacity.  As  depicted  in  figures  10  and  11,  a 
roughness  coefficient  on  the  flood  plains  equal  to 
twice  that  of  the  channel  gives  an  even  greater 
range  in  velocities. 

Figures  8-11  provide  some  idea  of  the  drop  in 
velocity  as  flow  proceeds  from  the  channel  out 
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Figure  10. — Velocities  at  station  1,  USDAHL  3-tube 
routine:. 
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Figure  11.— Velocities  at  station  3,  USDAHL  3-tube 
routing. 


onto  the  flood  plains.  A  drop  in  velocity  signifies 
a  drop  in  sediment-carrying  capacity.  Computa- 
tions such  as  these  can  help  us  in  the  prediction 
of  sediment  deposition  on  flood  plains. 

Hydrographs  of  lateral  flow  from  channel  to 
flood  plain  and  from  flood  plain  to  channel  are 
given  in  figures  12  and  13  for  stations  1  and  3. 
Again,  the  outflow  from  channel  to  flood  plain  is 
almost  10  times  greater  at  station  1  because  of 
greater  proportions  of  the  reach  inflow  hydro- 
graph  entering  the  channel.  Some  bridges  and 
road  dips  at  the  inflow  section  to  a  reach  would 
produce  such  a  situation.  Return  flows  from 
flood  plains  back  to  the  channel  are  greatly  di- 
minished by  longitudinal  flows  downstream  on 
the  flood  plains.  If  there  were  a  road  embank- 


ment and  a  restricting  bridge  opening  at  station 
3,  return  flow  to  the  channel  would  account  for 
all  previous  outflow.  Again,  the  greater  rough- 
ness of  the  flood  plains  in  figures  14  and  15  in- 
creases the  lateral  flows  out  from  the  channel. 

The  flows  plotted  in  figures  12-15  are  in  the 
units  of  cubic  feet  per  second  per  foot  of  reach 
length.  The  distance  between  stations  in  this  ex- 
ample is  2,000  ft.  It  is  obvious,  then,  that  the 
volumes  of  outflows  from  the  higher  velocities 
in  the  channel  to  the  much  lower  velocities  on  the 
flood  plains  represent  significant  volumes  over 
the  total  length  of  the  reach.  The  drop  in  veloci- 
ties (figs.  8-11)  could  account  for  a  great  quan- 
tity of  sediment  deposited  over  the  length  of 
flood  plains.  With  more  research,  we  may  be  able 
to  develop  a  more  precise  system  for  predicting 
flood  damages  caused  by  sediment. 

Hypothetical  cases  will  be  used  to  study  com- 
putations of  drops  in  velocities  caused  by  in- 
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Figure  12. — Intertube  flow  at  station  1,  with  equal 
roughness  in  all  3  tubes,  USDAHL  3-tube  routing. 
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Figure  13. — Intertube  flow  at  station  3,  with  equal 
roughness  in  all  3  tubes,  USDAHL  3-tube  routing. 
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Figure  14. — Intertube  flow  at  station  1,  with  channel 
roughness  one-half  that  of  flood  plains,  USDAHL 
3-tube  routing. 
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Figure  15. — Intertube  flow  at  station  3,  with  channel 
roughness  one-half  that  of  flood  plains,  USDAHL 
3-tube  routing. 


creasing  roughness  or  decreasing  gradients  at 
downstream  sections  or  by  backwater  from 
downstream  control  sections.  We  also  hope  to 
compute  the  increases  or  decreases  in  velocities 
at  a  given  station  as  flow  control  shifts  from  one 
station  to  another  with  rising  or  falling  stages. 

Thus  far,  the  USDAHL  3-tube  model  for  rout- 
ing flood  flows  is  purely  hypothetical,  but  field 
tests  are  planned  under  the  cooperative  study 
with  the  USDA  Sedimentation  Laboratory  on 
Pigeon  Roost  Creek.  The  Sedimentation  Lab  has 
already  furnished  USDAHL  a  series  of  cross- 
section  surveys  for  two  reaches  on  Pigeon  Roost 
Creek,  together  with  several  hydrographs  of  ob- 
served inflows  and  outflows.  These  data  are  be- 
ing reduced  and  processed  on  punch  cards  in 
USDAHL  for  computer  use  by  both  labs.  USDA- 
HL is  also  planning  a  cooperative  agreement 
with  Howard  University  to  conduct  flume  tests 
of  the  USDAHL  3-tube  model  in  their  laboratory. 

W e  feel  that  casting  off  the  usual  constraint  of 
maintaining  a  level  water  surface  across  each 
section  liberates  us  to  explore  more  fully  the 
effects  of  variations  between  the  flood  plains  and 
channel  in  respect  to  flow  length,  gradient, 
roughness,  point  of  inflow,  elevation,  width,  and 
cross-sectional  area.  Also,  velocities  and  flow  di- 
rections highly  pertinent  to  the  elutriation 
processes  of  sediment  transport  can  be  more  pre- 
cisely presented.  At  least,  the  challenge  is  too 
intriguing  to  ignore. 
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DEVELOPING  A  PARAMETRIC  HYDROLOGIC  MODEL 
USEFUL  FOR  SEDIMENT  YIELD 

By  W.  M.  Snyder2 

INTRODUCTION 


The  parametric  approach  in  hydrologic  re- 
search is  still  evolving.  A  simple,  rigorous  defi- 
nition acceptable  to  all  is  not  available.  There- 
fore, some  discussion  of  the  role  and  philosophy 
of  the  parametric  approach  is  necessary  before 
proceeding  to  development  of  a  particular  model. 
The  relationship  of  the  parametric  approach  to 
the  deterministic  and  stochastic  approaches 
must  also  be  stated. 

The  reason  for  using  the  parametric  approach 
is  imperfect  information.  Sometimes  the  state  of 
knowledge  requires  that  we  augment  what  we 
know  with  empirical  information.  When  we  at- 
tempt to  quantify  this  empirical  information  ra- 
tionally and  systematically,  we  engage  in  para- 
metric research.  As  an  example,  we  can  consider 
the  permeability  of  a  soil.  'There  is  not  yet  an 
exact  and  rigorous  way  to  compute  permeability 
from  physical  properties  of  the  soil.3  Permeabil- 
ity is  quantified  by  measuring  discharge  and 
hydraulic  gradient.  It  is  the  proportionality  coef- 
ficient between  these  two  measured  quantities; 
therefore,  it  is  a  parametric  quantity,  not  a  de- 
terministic one. 

Frequently  we  know  something  about  the  sys- 
tem we  are  trying  to  model.  Going  back  to  our 
permeability  example,  from  Darcy's  law  we  ob- 
tain the  linear  relationship  between  hydraulic 
gradient  and  discharge  from  a  saturated  porous 
medium.  But  our  information  is  imperfect  in 
that  we  do  not  know  the  coefficient  of  the  linear 
relationship  for  particular  soils.  Therefore,  we 
resort  to  empirical  calibration. 


1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Uni- 
versity of  Georgia  and  Georgia  Institute  of  Technology. 

2  Hydraulic  engineer,  Southeast  Watershed  Research 
Center,  Agricultural  Research  Service,  U.S.  Department 
of  Agriculture,  Athens,  Ga.  30601. 

3  Hillel,  D.  1971.  Soil  and  water,  physical  principles 
and  processes.  288  pp.  Academic  Press,  New  York. 


When  we  have  perfect  and  complete  informa- 
tion about  a  system,  then  we  can  construct  de- 
terministic models.  For  such  systems,  given  an 
input,  we  can  specify  an  exact  output  for  any 
time  or  place  without  resorting  to  empirical  in- 
formation. When  we  have  no  information  about 
a  system,  we  cannot  predict  output.  For  this  sit- 
uation we  can  only  regard  the  output  as  stochas- 
tic. A  frequency  curve  of  annual  flood  peaks  is 
such  a  stochastic  model.  Rarely  do  we  know  all 
about  a  system.  Also,  rarely  do  we  know  abso- 
lutely nothing  about  a  system.  We  might,  there- 
fore, regard  determinism  and  stochasticism  as 
boundaries  to  our  information.  Parametric  pro- 
cedures can  be  seen  to  lie  between  the  determinis- 
tic and  stochastic,  and  are  a  compromise  of  these 
two. 

It  must  be  kept  in  mind  that  different  details 
of  research  purpose  cover  model  development 
and  model  use.  In  model  development  we  are  con- 
cerned with  formulation  of  concepts  of  physical 
processes  and  with  quantification  of  the  param- 
eters specified  in  our  formulated  model.  Natur- 
ally, Ave  want  a  "best  estimate"  of  our  param- 
eters based  on  available  data.  For  this  reason 
numerical  optimization  techniques  are  used  in 
model  development.  We  have  all  used  least 
squares,  for  example,  to  fit  a  line  to  a  set  of  data. 
The  primary  point  to  remember  is  that  we  search 
for  values  of  our  parameters. 

In  going  from  model  development  to  model 
use,  a  shift  is  made  from  numerical  analysis  to 
numerical  synthesis.  Our  purpose  shifts  from 
quantification  of  parameters  to  generating  out- 
put from  input.  In  other  words,  we  simulate  out- 
puts by  using  our  model  of  the  system.  Simula- 
tion with  the  model  generally  is  for  one  of  two 
purposes:  to  test  the  model  or  to  predict  for  de- 
sign purposes.  If  we  simulate  to  test,  we  make 
the  assumption  that  Ave  still  have  something  to 
learn  about  our  model.  What  AATe  learn  through 
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simulation  testing  should  feed  back  to  new  con- 
cepts in  the  model  formulation.  Full  model  devel- 
opment can  therefore  be  seen  to  be  a  forward 
and  backward  oscillation  between  numerical 
analysis  and  numerical  synthesis.  Only  when  we 


reach  some  level  of  confidence  do  we  consider 
applying  the  model  for  design  prediction.  It  is 
the  feedback  between  analysis  and  synthesis  in 
parametric  model  development  that  will  be  ex- 
plored in  this  paper. 


MODEL  BACKGROUND 


The  particular  hydrologic  model  to  be  explored 
is  designed  to  predict  headwater  hydrographs 
from  input  rainfall.  By  headwater  hydrograph 
we  mean  the  hydrograph  of  flow  at  any  point  in 
a  basin  where  channel  influence  is  not  a  signifi- 
cant feature.  The  model  is  made  up  of  three  com- 
ponents, a  retention  function,  a  characteristic 
function,  and  a  state  function. 

Retention  Function 

The  retention  function  serves  to  make  the  con- 
version from  total  rainfall  input  to  a  watershed 
to  a  quantity  of  rainfall  effective  in  production 
of  streamf low  output.  It  is  a  substitute  for  an  in- 
filtration function  and  is  used  because  there  is 
not  too  much  relationship  between  infiltration 
in  a  sprinkler  plot  and  water  retention  in  a  com- 
plex real-world  watershed  of  appreciable  size. 
The  retention  function  has  been  presented  previ- 
ously.4 The  use  of  the  retention  function  allows 
generation  of  a  total-flow  hydrograph  as  total 
system  response  to  input.  There  is  no  separation 
in  the  model  into  the  fictitious  hydrograph  com- 
partments of  overland  flow,  subsurface  flow, 
and  ground-water  flow.  Infiltration  is  thus  not 
applicable. 

Characteristic  Function 

The  characteristic  function  serves  as  a  map  of 
the  watershed's  potential  to  generate  runoff.  At 
present,  the  characteristic  function  is  con- 
structed as  a  time  map  rather  than  as  an  area 
map.  That  is,  it  measures  timed  potential  of  flow 
from  the  outflow  point,  rather  than  distance  of 
potential  of  flow  from  the  outflow  point.  The 
reason  for  the  time  potential  is  that  character- 
istic functions  were  first  derived  from  recorded 
hydrographs  by  an  optimization  process.5  The 


4  Snyder,  W.  M.  1971.  A  proposed  watershed  retention 
function.  Journal  of  the  Irrigation  and  Drainage  Divi- 
sion, Proceedings  of  the  American  Society  of  Civil  Engi- 
neers 97  (IR1)  :  193-201. 

3  Snyder,  W.  M.,  Mills,  W.  C,  and  Stephens,  J.  C.  1970. 
A  method  of  derivation  of  non-constant  watersheds  re- 
sponse function.  Water  Resources  Research  6(1)  :  261- 
274. 


computer  program  of  the  model  standardizes  the 
characteristic  function  to  a  volume  equivalent  to 
1  watershed-inch. 

State  Function 

The  state  function  represents  the  wetness 
state  of  the  watershed.  It  operates  on  the  charac- 
teristic function  to  produce  response  functions. 
The  state  function  varies  during  the  progress  of 
a  storm  and  is  a  function  both  of  rate  of  stream- 
flow  and  of  rate  of  rainfall  input.  Since  the  state 
function  varies  during  the  storm,  its  operation 
on  the  characteristic  function  produces  highly 
variable  response  functions  during  the  storm.  A 
highly  nonlinear  system  is  thus  modeled.6 

Structure 

Figure  1  is  a  schematic  of  the  model.  Rainfall 
is  input  as  a  series  of  time  increments  of  storm 
rainfall.  Parameters  of  the  retention  function, 
the  characteristic  function,  and  the  state  func- 
tion are  also  input.  Presently,  there  are  5  param- 
eters in  the  retention  function,  8  in  the  charac- 
teristic function,  and  3  in  the  state  function,  for 
a  total  of  16.  It  appears  that  several  of  these 
parameters  have  only  slight  influence  on  the 
generated  hydrograph,  and  it  should  be  possible 
to  reduce  the  number  to  about  12  parameters. 

The  retention  function  is  evaluated  at  each 
time  corresponding  to  the  times  of  the  rainfall 
increments.  Average  values  of  the  function  for 


6  Snyder,  W.  M.,  and  Asmussen,  L.  E.  1972.  Subsur- 
face hydrograph  analysis  by  convolution.  Journal  of  the 
Irrigation  and  Drainage  Division,  Proceedings  of  the 
American  Society  of  Civil  Engineers  98(IR3)  :  405-418. 
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Figure  1. — Schematic  of  storm  hydrograph  model. 
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each  time  increment  are  then  subtracted  from 
the  rainfall.  Amounts  greater  than  retention  are 
called  effective  rain  increments. 

The  state  function  is  evaluated  for  each  period 
of  rain.  Since  the  function  is  dependent  on  both 
streamflow  and  rainfall  during  the  period,  the 
function  takes  on  different  values  for  each  pe- 
riod. Each  of  the  evaluated  state  functions  is 


then  convolved  with  the  characteristic  function 
to  produce  a  response  function  for  each  period 
of  rain.  The  response  functions  for  each  period 
are  different,  since  the  state  functions  producing 
them  are  different. 

In  a  second  stage  of  convolution  the  effective 
rain  is  convolved  with  the  variable  response 
functions  to  generate  the  outflow  hydrographs. 


GENERATED  HYDROGRAPHS 


A  computer  program  of  the  hydrograph  model 
shown  schematically  in  fig.  1  was  first  tested  by 
simulating  hydrographs  of  hypothetical  drain- 
age areas  ranging  from  0.01  acre  to  100  mi2  to 
establish  the  program's  accuracy  and  flexibility 
and  its  response  to  changes  in  the  various  param- 
eters. No  attempt  was  made  at  this  stage  of  de- 
velopment to  match  recorded  hydrographs.  Such 
testing  has  been  done  in  later  work.  Working 


ranges  of  the  parameters  were  know,  since  all 
components  of  the  model  had  been  previously 
derived  from  data  by  analytical  programs. 

Figures  2,  3,  4,  and  5  show  simulated  storm 
hydrographs  for  a  hypothetical  10-mi2  drainage 
area.  On  all  figures,  rainfall,  retention,  and  ef- 
fective rainfall  are  shown  at  the  upper  left,  and 
the  generated  discharge  hydrograph  is  shown  at 
the  lower  left.  The  characteristic  function  and 
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Figure  2. — Simulation  on  10  mi2  with  high  initial  retention. 
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Figure  3. — Simulation  on  10  mi2  with  low  initial  retention. 


selected  response  functions  are  shown  to  the 
right.  In  figure  2  the  retention  is  initially  high. 
The  watershed  response  is  not  highly  nonlinear 
since  response  functions  for  rainfall  periods  4 
and  7,  as  examples,  are  not  greatly  different.  The 
generated  hydrograph  had  a  peak  of  nearly  600 
ft3/s. 

Figure  3  shows  the  same  storm  for  the  same 
drainage  area  with  a  lower  initial  rate  of  reten- 
tion than  used  in  figure  2.  Response  is  still  nearly 
linear.  However,  the  larger  volume  of  effective 
rain  produced  a  hydrograph  peak  larger  than  700 
ft3/s. 

In  figure  4,  the  same  retention  is  used  as  in 
figure  3.  The  characteristic  function  is  the  same. 
However,  the  state  function  was  changed  so  that 
it  produced  a  more  sluggish  response.  The  unit 
response  functions  have  appreciably  lower  peaks 
than  previously  and  the  response  for  rainfall 


period  4  is  now  substantially  less  than  for  period 
7.  The  peak  of  the  discharge  hydrograph  has 
been  reduced  to  just  over  600  ft3/s.  This  reduced 
peak  is  compensated  by  increased  flow  during 
the  recession  portion  of  the  hydrograph. 

Figure  5  shows  the  effect  of  a  change  in  the 
state  function  to  produce  highly  nonlinear  re- 
sponse. The  unit  response  function  for  rainfall 
period  7  has  its  peak  increased  to  about  460  ft3/s, 
compared  to  about  220  ft3/s  for  rainfall  period 
4.  The  effect  on  the  generated  hydrograph  is  to 
increase  the  peak  flow  rate  to  about  740  ft3/s. 

In  summary,  figures  2,  3,  4,  and  5  show  out- 
flow hydrographs  for  one  rainfall  pattern  on  one 
watershed.  The  characteristic  function  was  held 
constant.  Only  the  initial  rate  of  retention  and 
the  routing  to  outflow  by  the  state  function  were 
changed.  It  is  evident  that  the  changes  in  the 
hydrograph   produced   by   these  parametric 
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Figure  4. — Simulation  on  10  mi2  wtih  sluggish  state  function. 


changes,  plus  all  the  additional  changes  possible 
through  changed  characteristic  and  retention 
parameters,  portray  a  model  of  simple  structure 
yet  extreme  flexibility  sufficient  to  fit  any  con- 
ceivable hydrograph. 

The  range  of  the  model  is  shown  by  figures  6 
and  7.  Figure  6  is  the  hydrograph  for  100  mi2. 
Comparison  of  the  characteristic  function  with 
the  response  functions  shows  that  this  figure 
represents  some  flashy  watershed  with  little  at- 
tenuation by  routing  to  the  watershed  outlet. 
Note  that  the  base  of  the  hydrograph  is  160  h 


with  a  time  increment  of  2  h.  The  peak  discharge 
is  15,500  ft3/s. 

Figure  7  shows  outflow  from  a  plot  of  0.01 
acre.  The  response  functions  show  that  flow  is 
sluggish  in  relation  to  the  characteristic  func- 
tion. We  might  visualize  this  plot  as  a  sandbox 
with  only  interflow  and  no  surface  runoff.  Peak 
outflow  is  only  0.016  ft3/s.  Note  that  the  time 
base  covers  only  0.8  h  in  0.01-h  time  increments. 
It  is  doubtful  whether  such  rainfall  data  exist, 
but  the  model  can  handle  this  time  scale  of  input 
and  output. 


SYSTEMATIC  LEARNING 


Model  development  is  a  learning  process  in- 
volving both  structural  concepts  and  parametric 
quantification.  Since  the  simulation  of  hydro- 
graphs  indicates  that  the  model  structure  is  ade- 
quate and  flexible  and  no  structural  changes  are 
indicated,  the  next  concern  is  the  quantification 


of  the  parameters.  To  arrive  at  a  set  of  para- 
metric values  common  to  both  analysis  and  syn- 
thesis procedures  requires  a  common  objective, 
which  must  be  stated  in  terms  of  the  degree  to 
which  a  generated  hydrograph  fits  historical 
hydrographs.  One  such  objective  is  to  require 
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the  sum  of  squares  of  the  differences  between 
ordinates  of  the  generated  and  observed  hydro- 
graphs  to  be  a  minimum.  This  is  the  customary 
requirement  of  least-squares  fitting.  However, 
the  means  of  arriving  at  this  optimum  of  least- 
square  error,  common  to  both  analysis  and  syn- 
thesis, is  not  self-evident. 

Trial-and-Error  Procedures 

It  is  theoretically  possible  to  try  various  values 
of  the  model  parameters  and  choose  the  best  set 
of  the  values  tried.  Practically,  however,  this 
trial-and-error  scheme  is  quite  impossible,  as 
illustrated  by  the  number  of  tries  that  must  be 
made  in  order  to  examine  all  possible  combina- 
tions to  find  the  discrete  minimum  (table  1) . 

Consider  searching  across  three  levels  of  a 
parameter  to  find  which  one  of  these  three  pro- 
vides the  best  fit  to  a  particular  recorded  hydro- 


Table  1. — Combinations  of  Lp 


No.  of 
parameters 

Number  of  levels 

3 

4 

5 

5 

2.4X10- 

1.0  X  10s 

3.1X103 

Q  ft  V  1  0  G 

15 

1.4X10° 

1.1X109 

3.1  X1010 

20 

3.5X103 

1.1X1012 

9.5X10*3 

graph.  We  would  arbitrarily  set  the  parameter 
high,  middle,  and  low  in  its  anticipated  range. 
Three  simulation  runs  are  required.  Now  con- 
sider searching  across  three  levels  of  a  second 
parameter.  We  do  not  know  which  combination 
of  the  three  levels  of  the  two  parameters  would 
yield  the  best  fit.  Therefore,  for  each  of  the  three 
levels  of  the  first  parameter  we  would  need 
three  trials  on  the  second,  a  total  of  nine  runs. 
For  three  levels  of  three  parameters,  27  runs 
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Figure  5. — Simulation  on  10  mi2  with  highly  nonlinear  state  function. 
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Figure  6. — Simulation  on  100  mi2. 


would  be  required  to  search  all  combinations.  It 
may  be  noted  that  the  number  of  combinations 
is  given  by  LP,  where  L  specifies  the  number  of 
levels  of  search  for  each  parameter,  and  P  is  the 
number  of  parameters. 

Table  1  shows  that  for  any  practical  number 
of  parameters  and  levels  of  search  the  number 
of  combinations  (hence  the  number  of  simula- 
tion runs)  becomes  fantastically  large.  We  sim- 
ply can't  afford  this  computer  time,  and  other 
optimization  methods  are  required. 


Parameter  Evaluation  in  Analysis 

In  the  early  phases  of  development,  hydro- 
logic  model  components  were  derived  by  fitting 
the  model  to  historical  data  by  nonlinear  least 
squares.  This  method  is  an  iterative  technique. 
The  linear  differential  correction  equation 
(equation  1)  is  solved  repeatedly  by  least  squares 
until  all  parameter  corrections  fall  below  some 
preset  small  value. 

 ctpiH-  
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Figure  7. — Simulation  on  0.01  acre. 


In  equation  1,  E  is  the  error  between  an  ob- 
served hydrograph  ordinate  Q  and  the  model- 
predicted  ordinate  Q.  This  prediction  is  based  on 
some  initial  set  of  model  parameters.  $i  is  the 
model-predicted  ordinate  with  parameter  num- 
ber 1  incremented  by  Apx.  %k  is  the  model-pre- 
dicted ordinate  with  parameter  2  increased  by 
Ap2.  The  ratios  (Qi—Q) /Api  are  approximations 
to  the  first  derivatives  of  the  function  for  Q 
with  respect  to  any  parameter  pu  We  can  regard 
E  as  the  "y"  and  the  ratios  as  the  "x's"  of  a  mul- 
tiple linear  regression  equation.  By  applying  the 
equation,  as  in  ordinary  least  squares,  to  a  data 
set  consisting  of  the  errors  and  the  ratios  for 
each  ordinate  of  a  storm  hydrograph,  we  can 
compute  the  dp,  terms  as  regression  coefficients. 
These  dpi  values  are  corrections  to  the  initial 
values  of  the  parameters.  By  adding  the  correc- 


tions to  the  initial  values,  new  values  of  Q  and  Qi 
are  obtained.  Continuation  leads  to  repeated 
evaluation  of  equation  1  until  the  dpi's  become 
so  small  that  little  further  adjustment  of  the 
errors  Q — &  is  possible.  Then  the  values  of  the 
parameters  are  considered  optimum. 

Parameter  Evaluation  in  Synthesis 

In  order  to  develop  a  systematic  body  of  infor- 
mation about  the  parameters  of  our  model,  we 
should  be  able  to  adjust  the  values  of  parameters 
during  synthesis  of  storms  as  well  as  during 
analysis  of  recorded  storm  hydrographs.  What  is 
more,  we  should  use  an  identical  basis  for  adjust- 
ment and  not  rely  on  some  subjective  appear- 
ance of  correspondence  between  the  predicted 
and  observed. 

The  computer  program  of  the  model  can  calcu- 
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late  ratios  (Qi — Q)  /Apu  For  each  simulation  run 
these  ratios  are  computed  for  every  ordinate  by 
incrementing  each  parameter  in  turn  by  some 
small  amount  Apu  In  the  modern  terminology  of 
systems  analysis  these  partial  derivatives  are 
called  sensitivity  coefficients.  They  give  the 


amount  by  which  a  unit  change  in  the  parameter 
would  change  the  model-predicted  ordinate. 

Figure  8  shows  the  sensitivity  coefficients  for 
the  simulated  hydrograph  plotted  in  figure  5. 
Figure  9  shows  the  sensitivity  coefficients  for 
the  hydrograph  for  the  0.01-acre  drainage  area 
given  in  figure  7.  The  two  sets  of  coefficients  are 
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Figure  8. — Sensitivity  coefficients  for  simulation  on  10 
mi2. 
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completely  different  in  scale,  reflecting  the  dif- 
ference in  magnitude  of  flows  from  the  two 
hypothetical  areas.  Similar  patterns  are  present 
in  the  two  sets  of  coefficients.  These  patterns 
indicate  the  nature  of  adjustment  to  the  hydro- 
graph  caused  by  a  positive  unit  change  in  the 
parameter. 

Changes  in  the  retention  function  parameters 
have  the  effect  of  increasing  or  decreasing  the 
total  storm  hydrograph.  The  change  is  in  the 
same  direction,  all  positive  or  all  negative,  from 
the  point  of  rise,  across  the  peak,  and  through  the 
recession.  Parameters  4  and  5  predominate. 
Parameter  4  expresses  the  final  (wet)  retention 
rate.  Parameter  5  is  the  initial  retention  rate. 
Parameters  1  and  2  are  mathematical  shape 
parameters  and  have  lesser  effect.  Parameter  3 
expresses  a  maximum  retention  rate  and  has  in- 
significant effect  on  the  generated  hydrograph. 

Changes  in  the  parameters  of  the  character- 
istic function  (ordinates  of  the  function  at  se- 
lected points  in  time)  produce  both  positive  and 
negative  changes  in  the  hydrograph.  All  ordi- 
nates at  intermediate  times  are  computed  by 
linear  interpolation.  In  figures  8  and  9,  the  sensi- 
tivity coefficients  for  the  characteristic  function 
are  positive  at  the  selected  ordinate  locations, 
and  negative  at  points  somewhat  removed.  The 


negative  coefficients  result  because  the  total 
characteristic  function  is  always  rescaled  to  one 
watershed-inch.  Changes  in  the  recession  com- 
ponent of  characteristic  function  are  predomi- 
nant. 

The  sensitivity  coefficients  for  the  state  func- 
tion show  that  it  concentrates  change  during  the 
rising  and  crest  times  of  the  generated  hydro- 
graph,  with  lesser  change  during  the  recession. 
The  state  function  shapes  the  response  functions, 
and  these  produce  greatest  effect  early  in  the 
storm  hydrograph. 

If  one  is  trying  to  fit  a  generated  hydrograph 
to  an  observed  hydrograph,  the  sensitivity  co- 
efficients can  be  used  as  follows.  The  differences 
between  the  generated  discharges  and  the  ob- 
served discharges  form  an  error  set  running 
from  beginning  to  end  of  the  storm.  This  error 
set  can  be  visually  correlated  with  one  or  more 
sensitivity  coefficient  patterns  such  as  shown  in 
figures  8  and  9.  The  adjustment  of  one  or  more 
of  the  parameters  is  thereby  indicated.  Certainly 
this  process  is  subjective  and  crude  compared  to 
adjustment  of  all  parameters  simultaneously  by 
nonlinear  least  squares.  Nevertheless,  this  crude 
process  is  the  synthesis  analogy  to  the  more  pow- 
erful analytic  learning- process  of  optimization. 


ADAPTATION  TO  UNGAGED  DRAINAGES 


We  have  shown  the  current  stage  of  develop- 
ment of  our  parametric  hydrograph  model.  Par- 
ticularly, we  have  shown  that  the  analysis  and 
synthesis  computer  programs  are  designed  to 
develop  systematically  more  information  about 
the  numerical  values  of  the  parameters.  We  must 
recognize,  however,  that  all  this  additional  infor- 
mation is  based  on  historical  data.  The  problem 
of  how  to  estimate  the  parameters  for  a  drainage 
area  where  we  have  no  recorded  hydrographs  is 
now  being  attacked.  Only  when  we  achieve  a 
satisfactory  answer  to  this  problem  will  we  have 
reached  full  development  of  the  model. 

Many  previous  attempts  at  linking  model  par- 
ameters to  watershed  characteristics  have  been 
based  on  statistical  correlation.  We  are  hoping  to 


include  considerable  deterministic  procedure  in 
estimation  of  model  parameters.  This  will  be 
possible  because  the  three  model  components  are 
rational  analogs  to  physical  watershed  processes. 
The  retention  function  is  a  composite  of  infiltra- 
tion capacity,  surface  and  profile  water  storage 
capacity,  and  initial  amount  of  stored  water.  The 
characteristic  function  is  a  map  of  runoff  poten- 
tial, which  can  be  estimated  by  physically  map- 
ping or  sampling  the  watershed  for  such  features 
as  soil  depth  and  permeability.  The  routing  func- 
tion has  received  less  attention  to  date.  This  func- 
tion, we  hope,  will  express  the  dynamic  features 
of  flow  paths  through  the  profile  and  stream 
channels  to  the  outlets. 


MODEL  FEATURES  USEFUL  FOR  SEDIMENT- YIELD 

COMPUTATION 

Computation  of  sediment  yield  is  here  taken  to  record.  This  estimation  will  require  construction 
mean  estimation  of  sediment  loads  for  drainage  and  calibration  of  a  sediment-yield  model.  Since 
areas  with  little  or  no  hydrologic  or  sediment      water  and  sediment  runoff  are  inextricably 
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intertwined,  the  structures  of  each  model  must 
reflect  features  and  needs  of  the  other.  The  hy- 
drograph  model  should  be  structured  with  the 
practicalities  of  sediment-yield  prediction  in 
mind.  The  sediment  portion  of  the  model  should 
reflect  the  practical  state  of  the  art  of  hydro- 
logic  forecasting.  Stated  another  way,  there  is 
little  purpose  to  a  highly  precise  and  theoretical 
sediment  model  if  transport  is  based  in  part  on 
a  crude  hydrograph  model.  Both  models  should 
be  based  on  similar  types  and  similar  quality  of 
data  describing  the  drainage  area. 

Several  features  of  our  parametric  hydro- 
graph  model  appear  useful  in  sediment-yield 
computation.  The  hydrograph  model  is  simple, 
being  structured  on  only  16  parameters  grouped 
into  3  components,  yet  it  is  highly  flexible.  For 
example,  through  appropriate  parameter  values 
it  can  reflect  changes  in  land  use  and  manage- 
ment. The  changes  can  be  reflected  in  both  the 
volume  and  rate  of  runoff.  Since  runoff  rate  is 
one  of  the  controls  on  rate  of  sediment  transport, 
the  flexibility  of  the  model  makes  it  potentially 
useful  in  predicting  hydrologic  and  sediment 
consequences  of  alternative  watershed  manage- 
ment programs. 

The  characteristic  function  in  the  hydrograph 
model  was  described  as  a  map  of  runoff  potential 
of  the  watershed.  We  hope  to  construct  this  func- 
tional representation  of  the  watershed  through 
physical  mapping  or  sampling.  It  is  speculated 
that  an  erosion  characteristic,  a  map  of  likely 
sediment  sources,  can  also  be  defined.  There 
must  be  a  strong  similarity  between  a  runoff 
map  and  an  erosion  map  of  a  watershed.  Both 
should  be  determinable  through  very  similar 
mapping  procedures. 


The  state  function  is  the  hydrograph  model 
component  which  moves  or  routes  the  water  to 
the  outlet.  The  state  function  operates  on  the 
characteristic  function  to  produce  variable  re- 
sponse functions.  An  analogous  routing  function 
to  move  the  erosion  characteristic  function  to  the 
outlet  may  be  possible  of  definition.  Present 
knowledge  of  sediment  transport  through  hy- 
draulic channels  would  play  a  role  in  the  develop- 
ment of  such  watershed  sediment  models. 

The  operation  of  the  state  function  on  the 
characteristic  function  to  produce  variable  re- 
sponse functions  is  a  first-stage  convolution.  In 
a  second  stage  the  variable  response  functions 
are  convolved  with  the  effective  rainfall  to  gen- 
erate the  hydrograph.  The  hydrograph  is  thus 
the  sum  of  pulses  of  flow.  Each  runoff  pulse 
comes  from  a  time  increment  of  rainfall  and 
each  pulse  depends  on  the  intensity  of  rain  in 
that  time  increment,  and  on  the  state  of  the  wa- 
tershed in  that  time  increment.  The  mathemati- 
cal process  of  convolution  carries  these  pulses 
through  the  system.  The  characteristics  of  the 
separate  pulses  are  not  averaged  and  lost  in  the 
postulated  reservoir  of  a  routing-type  model. 
Sediment  production  should  also  be  pulsating, 
showing  the  ability  of  the  individual  bursts  of 
rainfall  to  scour  and  transport  sediment. 

Several  similarities  of  origin  and  transport  of 
water  and  sediment  in  a  watershed  have  been 
discussed.  The  parametric  model  appears  to  be 
a  simple  and  practical  yet  adequate  analogy  to 
the  physical  processes  of  water  movement.  Hope- 
fully, analogous  development  of  components  for 
a  sediment-yield  model  will  bring  about  a  happy 
marriage  of  the  water  and  sediment  portions  of 
a  total  prediction  scheme. 
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AN  ATTEMPT  TO  PREDICT  CHANNEL 
SEDIMENT-TRANSPORT  CAPACITY  WITH 
SIMILITUDE  PRINCIPLES 

By  Neil  L.  Coleman,  G.  C.  Bolton,  and  A.  J.  Bowie1 

INTRODUCTION 


Among  the  many  problems  in  the  general  area 
of  sediment-yield  studies,  there  are  two  very  dif- 
ficult ones  having  to  do  with  channels.  The  first 
of  these  problems  is  the  direct  and  accurate 
measurement  of  the  sediment-transport  rate  in 
a  channel  in  the  field;  the  second  problem  is  ob- 
taining a  general  understanding  of  the  fluid 
mechanics  of  sediment  transport  so  that  sedi- 
ment-transport rates  can  be  predicted. 

The  practical  problem  of  transport-rate  meas- 
urement has  been  attacked  by  the  development 
of  special  structures  for  measuring  total  sedi- 
ment load  (5)  -  or  by  taking  advantage  of  natural 
situations  where  total  sediment  load  presumably 
could  be  measured  (4).  A  comprehensive  study 
of  this  type  was  undertaken  by  Bowie  et  al.  (3) , 
who  carried  out  sediment-transport  measure- 
ments at  a  specially  constructed  measuring  sta- 
tion on  a  small  alluvial  channel  in  the  Pigeon 
Roost  watershed  in  Marshall  County,  Miss. 

Attempts  to  understand  the  fluid  mechanics  of 
sediment  transport  have  generally  proceeded 
from  flume  experiments.  These  experiments 
have  usually  given  results  that  are  internally 
consistent;  however,  agreement  between  the  re- 
sults of  one  worker  and  another  has  been  ob- 
tained only  through  the  application  of  similitude 
principles  (1,2,11). 

Willis  and  Coleman  (11)  produced  a  unified 
correlation  of  sand  transport  and  flow  data  from 
flume  experiments  performed  by  several  work- 
ers under  diverse  conditions.  This  correlation 
was  obtained  by  the  use  of  nondimensional  terms 
generated  by  applying  a  normalization  technique 

1  Geologist,  mathematician,  and  hydraulic  engineer, 
respectively,  USDA  Sedimentation  Laboratory,  South- 
ern Region,  Agricultural  Research  Service,  Oxford,  Miss. 
38655. 

-  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  preceding  the  appendix  to  this  paper. 


(6)  to  the  equations  of  state,  continuity,  and  mo- 
tion for  a  sediment-water  mixture.  The  resulting 
similitude  terms  were  the  familiar  Reynolds  and 
Froude  numbers  and  a  sand-transport  similitude 
number.  A  boundary  condition  parameter  in- 
corporating the  effects  of  water  temperature 
and  particle  size  was  also  formulated. 

The  experimentally  determined  relations  be- 
tween the  above  similitude  terms  constitute  solu- 
tions to  the  equation  of  motion  for  a  sediment- 
water  mixture.  This  paper  describes  an  attempt 
to  use  these  relations,  based  on  similitude  theory 
and  laboratory  experiments  under  steady-flow 
conditions,  to  predict  the  sediment-transport 
rates  that  were  actually  observed  in  the  field 
study  of  Bowie  et  al.  during  typical  intermittent 
runoff  events. 

The  field  measurements  of  Bowie  et  al.  (3) 
were  carried  out  at  the  facility  shown  in  figure 
1.  The  installation  consists  of  an  alluvial  channel 
containing  a  normal  section  at  which  flow  prop- 
erties, such  as  width  and  depth  of  flow,  can  be 
measured.  Downstream  is  a  sheet  pile  control 
structure  that  serves  as  a  flowmeter.  As  illus- 
trated in  figure  2,  the  control  structure  provides 


i —  Footbridg* 


INSTRUMENTATION  FOR  TOTAL  LOAD  SAMPLING  STATION 


Figure  1. — Plan  view  of  the  total-load-measuring  sta- 
tion. (After  Bowie  et  al.,  3.) 
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SHEET  PILE  CONTROL  AND  FOOT  BRIDGE  INSTALLATION   FOR  TOTAL  LOAD  SAMPLING  STATION 


Figure  2. — The  sheet  pile  control  structure.  (After 
Bowie  et  al.,  3.) 

abeut  4  ft  of  free  overfall,  which  can  be  sampled 
with  a  DH-48  sediment  sampler  to  determine  the 
total  sediment  load. 

From  December  28,  1966,  through  February 
21,  1971,  367  measurements  of  total  sediment 
load  were  made,  with  concurrent  observations  of 
discharge,  water  temperature,  and  depth  of  flow 
at  the  normal  section.  As  in  any  field  study,  the 
program  was  complicated  by  the  varying  fre- 
quencies of  opportunities  to  make  measurements 
in  any  one  particular  discharge.  As  shown  in 
figure  3,  the  population  of  Observations  was 
strongly  biased  in  favor  of  the  lower  discharges.. 

It  has  long  been  recognized  (9)  that  the  sedi- 
ment-transport rate  in  a  channel  is  subject  to 
turbulent  fluctuation  and  other  changes  of  a 
stochastic  nature  even  under  steady  conditions  of 


discharge,  flow  depth,  and  water  temperature. 
Figure  4  illustrates  these  effects  as  they  were 
experienced  in  the  field  study. 
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Figure  4. — The  variability  of  sediment-transport  rate 
measurements  made  during  the  field  study. 
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Figure  3. — Number  frequencies  of  observed  discharges,  December  28,  1966,  through  February  21,  1971. 
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SIMILITUDE  OF  SEDIMENT  TRANSPORT 

g**d 


The  sediment  transport  similitude  number  has 
been  defined  by  Willis  and  Coleman  (11)  as 


D- 


Ps  Pic 

pw 


L 

P^gYU' 


(1) 


where    L=the  total  load  in  pounds  per  second 
x     per  foot  of  channel  width, 
p.s,p,,=the  sediment  and  water  densities, 
respectively, 
gr=the  gravity  field  strength, 
Y=flow  depth, 
and   .    £/=the  mean  flow  velocity. 

This  similitude  term  has  been  found  to  corre- 
late with  the  Froude  nuiriber, 


U 


(2) 


and  with  the  boundary  condition  similitude  num- 
ber, 


(3) 


where    v=the  kinematic  viscosity  of  the  water 

in  the  channel, 
and      (Z=the  median  particle  diameter  of  the 

channel-bed  material. 

The  basic  equation  of  sediment  transport  is 
therefore 


L=A, 


PsPw 


gYU, 


(4) 


,Ps  Pic 

where  AL  indicates  the  function  of  F  and  D  de- 
termined from  flume  experiments. 

A  graph  of  this  function  is  given  in  figure  5, 
which  applies  to  the  transportation  of  sand-size 
material,  regardless  of  whether  it  is  being  moved 
in  suspension  or  as  bedload.  The  data  sources - 
used  in  producing  figure  5  are  listed  in  table  1,- 
as  are  the  ranges  of  data  used. 


Table  1. — Sources  and  general  ranges  of  data  used1 


Flume  ' 

Particle 

Depth 

Velocity 

Temperatui 

Data  source 

dimensions 

size 

range 

range 

range 

(ft) 

(mm) 

(ft) 

(ft/s) 

(o  p 

) 

Willis  and  Coleman  •  •  

•  io0 

by 

4 

0.10 

0.64  - 

1.10 

1.17- 

-5.16 

64-89 

Franco  (1968)   '  

•  ••   75 

by 

3 

.23 

.422- 

•  .521 

1.48- 

-1.20 

40- 

-80 

f  .19 

.49  - 

-1.09 

1.04-4.74 

54 

-67 

Guyetal.  (1966)   

.27 

.45  - 

■1.13 

.79- 

-4.93 

50- 

-65 

 150 

by 

8  ■ 

.28 

.30  - 

■1.07 

.82- 

-4.93 

50- 

-62 

I  .45 

.19  - 

1.00 

.65- 

-6.18 

48- 

-68 

r  .32 

.51  - 

■  .74 

.86- 

-5.73 

44-94 

Do  

by 

.33  ' 

.49  - 

.52 

1.02- 

-5.93 

67- 

-68 

.'   60 

2 

2.33 

.48  - 

.53 

1.06- 

-6.34 

65- 

-75 

L  .54 

.59  - 

.88 

.89- 

-6.27 

60- 

-77 

"Stein  (1965)   

 100 

by 

4 

.40 

.32  - 

1.20 

1.38- 

-5.42 

68- 

-84 

r  40 

by 

.88 

.233 

.147- 

.346 

1.57- 

-3.42 

76- 

-86 

Kennedy  (1961a)  .   ,  

 I  60 

by 

2.8 

.233 

.145- 

.348 

■1.35- 

-3.45 

73- 

-81 

40 

by 

.88 

.549 

.074- 

.346 

1.65-4.65 

76- 

-82 

Kennedy  (1961b)   

  60 

by 

2.8 

.145 

.228- 

.550 

.91- 

-2.21 

65- 

-78 

Vanoni  and  Brooks  (1957)   

  60 

By 

2.8 

.145 

.203- 

.553 

.77- 

-2.53 

62- 

-81 

'  .091 

.244- 

.284 

1.23- 

-2.32 

377 

.137 

.233- 

.243 

1.38- 

-2.13 

75- 

-76 

Nomicos  (1956)  ..."  

  40 

by 

.88  < 

.145 

.241- 

.242 

.91- 

-2.06 

377 

.148  . 

.253- 

.255 

2.28- 

-2.29 

377 

.152 

3.241 

.80- 

-2.66 

77- 

-79 

Barton  and  Lin  (1955)   

 fiy.  70 

by 

4 

.18 

.30  - 

1.38 

.71- 

-3.60 

66- 

-80 

.10 

.17  - 

.284 

.82- 

2.13 

377 

by 

.88-4 

.16 

.18  - 

.284 

1.50- 

-2.15 

62- 

-82 

1  Data  taken  from  Willis  and  Coleman  (11).  Their  sources  are  given  in  the  "data  source"  column. 

2  Graded  sand. 

3  Constant. 
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CALCULATIONS  OF  SEDIMENT-TRANSPORT  CAPACITY 


Based  on  the  similitude  principles  discussed 
above,  a  computation  method  was  developed  that 
would  predict  the  capacity  sediment  load  that 
could  be  moved  through  a  given  channel  section 
at  various  water  discharges.  The  computation 
method  requires  the  following  preliminary  infor- 
mation: 

a.  A  water-discharge  rating  curve  for  the 
channel  section.  This  may  be  based  on  observa- 
tion, or  it  may  be  synthesized  by  some  method. 

b.  Graphs  of  channel  width,  depth,  and  area 
plotted  against  either  stage  of  discharge.  These 
can  be  prepared  with  the  water-discharge  rating 
curve  and  a  survey  of  the  rated  channel  section. 

c.  A  graph  of  #1/3/v1/3  plotted  against  water 
temperature.  This  can  be  prepared  from  the  tab- 
ulations of  v  for  various  temperatures,  found  in 
fluid  mechanics  textbooks  like  that  of  Rouse  (8) . 

d.  The  median  diameter  of  the  bed  material  in 
the  channel.  This  can  be  assumed,  estimated,  or 
determined  for  a  particular  site  by  standard 
sieve  analysis  of  samples  (7) . 

The  computation  procedure  is  simple  enough 
to  be  performed  with  a  slide  rule  or  desk  calcu- 
lator. However,  a  computer  program  is  conven- 
ient if  a  large  number  of  predictions  are  to  be 
made  for  a  variety  of  bed  materials  and  water 
temperatures.  A  suitable  program  is  included  in 
the  appendix.  The  steps  for  the  desk  calculation 
procedure  are  as  follows: 

1.  Tabulate  the  expected  range  of  water  dis- 
charges Q  and  the  corresponding  channel  widths 


Z,  depths  Y  and  areas  A.  Use  the  curves  prepared 
in  accordance  with  steps  a  and  b  above. 

2.  Calculate  the  expected  range  of  mean  veloci- 
ties U  from  U=Q/A. 

3.  Calculate  the  range  of  Froude  numbers  from 
equation  2. 

4.  With  the  graph  of  g1/3/v2/3  and  the  median 
bed-material  diameter  from  steps  c  and  d  above, 
calculate  D  from  equation  3  for  each  expected  or 
assumed  water  temperature. 

5.  With  D  and  F,  the  graph  in  figure  6  could 
be  used  to  find  AL  for  each  calculated  value  of  F. 
However,  AL  can  be  more  conveniently  found  and 
tabulated  in  the  calculation  format  by  reading 
from  table  2. 

6.  Calculate 

P*P»  gYU=5:U}1-9t)  gYU=B.12gYU, 


Ps—pw  (5.14—1.94)* 

where  the  values  of  ps  and  pw  are  in  slugs  per 
cubic  foot  and  are  essentially  constant  over  a 
wide  range  of  temperatures. 

7.  From  equation  4,  the  capacity  bed-material 
load  in  pounds  per  second  per  foot  of  channel 
width  is  L=AL  (S.12gYU) . 

8.  For  the  specified  channel  width  at  any  dis- 
charge, the  capacity  sediment  discharge  G  is 
G=Lz. 

9.  This  can  be  converted  from  pounds  per  sec- 
ond to  tons  per  day  by  dividing  G  by  0.023,  if  de- 
sired. Such  a  conversion  would  be  usual  in  hydro- 
logic  calculations. 


TESTING  THE  CALCULATION  METHOD  AGAINST  FIELD  DATA 


In  reducing  the  data  from  the  field  study,  the 
sediment  sample  from  each  measurement  of  total 
sediment  load  was  analyzed  (3)  by  wet  sieving  to 
determine  the  amount  of  sand  (particles  larger 
than  0.062  mm)  and  the  amount  of  fine  sediment 
(particles  smaller  than  0.062  mm)  being  carried 
by  the  flow.  Since  the  AL  values  listed  in  table  2 
were  found  from  experiments  with  sands  0.1  mm 
in  diameter  and  larger,  it  was  not  at  first  ex- 
pected that  the  calculation  method  being  tested 
could  provide  predictions  of  fine-sediment  trans- 
port rates.  The  initial  calculations  were  there- 
fore confined  to  the  determination  of  sand-trans- 
port rating  curves  for  the  normal  channel  sec- 
tion, at  water  temperatures  of  35°,  50°,  60°,  and 
75°  F,  respectively.  These  rating  curves  are 


shown  in  figure  6,  together  with  field  measure- 
ments. The  data  show  the  typical  scatter  usually 
found  in  field  sediment-transport  measurements. 
Agreement  between  calculation  and  observation 
is  poor  or  nonexistent. 

According  to  the  similitude  theory  used  here, 
there  is  actually  no  such  thing  as  a  universal 
sand-transport  rating  curve  for  a  given  channel, 
but  rather  a  family  of  curves  for  different  D 
values  and  hence  for  different  water  tempera- 
tures. However,  the  stochastic  nature  of  the  field 
measurements  and  the  discrepancies  shown  in 
the  preceding  figures  suggested  the  calculation 
of  an  average  sand-rating  curve  for  the  period 
of  record  of  the  field  study.  This  was  accomp- 
lished by  using  the  average  temperature  of  rec- 
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Figure  6. — -Sand-transport  rating  curves. 
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ord  (62.4°  F)  for  calculating  the  boundary  con- 
dition parameter  D.  The  computation  of  the  rat- 
ing curve  is  given  in  table  3,  and  the  curve,  to- 
gether with  all  field  data,  appears  in  figure  7. 
This  graph  indicates  that  the  average  calculated 
curve  can  be  used  for  making  reasonable  esti- 
mates, on  a  statistical  basis,  of  the  capacity  sand- 
transport  rate  for  the  channel  involved.  Agree- 
ment with  individual  observation  is  still  no  bet- 
ter than  that  achieved  with  other  bed-material 
load  formulas  (10) . 

Although  no  experimentally  determined  val- 
ues of  D  for  particles  less  than  0.062  mm  in  diam- 
eter were  available,  the  calculation  method  was 
applied  to  the  prediction  of  transport  rates  for 
fine  sediment,  mainly  in  order  to  see  what  de- 
gree of  error  would  result.  In  these  computa- 
tions, D  values  for  a  0.1-mm  particle  size  were 
used.  Fine-sediment-transport  rating  curves  are 
shown  with  field  measurements  in  figures  Sa-Sd 
for  water  temperatures  of  35°,  50°,  60°,  and  75° 
F.  The  agreement  between  observation  and  cal- 
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Figure  7. — Average  sand-transport  rating  curve  based 
on  mean  water  temperature  for  the  period  of  record. 
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culation  is  again  poor,  although  generally  better 
than  for  sand-transport  rates.  An  average  rating 
curve  was  also  calculated  for  the  fine  sediment. 
The  calculation  is  given  in  table  4,  and  the  curve 
with  field  data  is  shown  in  figure  9.  As  in  the 
transport  of  sand,  this  curve  can  evidently  be 
used  for  making  estimates  of  capacity  fine-sedi- 
ment transport  rates  for  the  channel. 

CONCLUSIONS 

The  sediment-transport  calculation  method 
generates,  for  a  given  channel  section  and  a 
given  channel  section  and  a  given  bed-material 
median  diameter,  a  series  of  different  sediment- 
transport  rating  curves  for  each  water  tempera- 
ture. Comparison  with  field  data  from  a  par- 
ticular channel  section  studied  by  Bowie  et  al.  (3) 
showed  that  the  calculated  curves  for  given  wa- 
ter temperatures  were  not  in  good  agreement 
with  measurement.  However,  the  method  could 
be  used  to  provide  average  rating  curves  for  esti- 
mating the  transport  rates  of  both  sand-size  ma- 
terial and  fine  sediment. 
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APPENDIX 


333?, 
1  0 


1  1 

C 


1  3 


INTEGER  TIME 
INTEGER  TEMP 
RE AL*8   DAT  E ( 10) 
REAL*4   NU , LO A  D 

REAL*4  RT<200) ,VI S(90) , SAC(  200) ,AL  G( 15, 12) , WID( 200) 
DIMENSION  C0( 10) ,Cl( 10), C2( 10) » C3( 10) 
COMMON  C0,Cl»C2tC3 

COMMON   RT ,V IS  ,SAC, ALG,WI D, STAGE, TEMP 

IDENTIFICATION   OF  VARIABLES 

*********  *************************************************** 

ALG(J,K)  -   TABLE   OF    SEDIMENT    TRANSPORT   SIMILITUDE  NUMBERS 

AL  -   SEDIMENT    TRANSPORT    SIMILITUDE  NUMBER 

A  -   CROSS    SECTIONAL   AR  E A ( SO  .  FT.) 

BIGD  -  BOUNDARY   CONDITION   SIMILITUDE  NUMBER 

D50  -   MEDIAN    PARTICLE  SIZE(FT) 

DATE  -  80  CHARACTER  IDENTIFICATION 

F  -   FROUDE  NUMBER 

G  -   ACCE  R  AT  I  ON   DUE    TO  GRAVITY 

GHT  -   WATER    STAGE ( FT ) 

LOAD  -  SAND   D I S CH ARG E ( LB S/ S E C / F T   OF  WIDTH) 

0  -   WATER    0  I SCH ARG E ( C F  S ) 

OSP  -   SAND   01 SCHARGE ( LBS/SEC ) 

OST  -   SAND   DI SCHARGE (TONS/DAY ) 

RT(J)  -  WATER   RATING  TABLE(CFS) 

SAC(J)  -   CHANN5L    DEPTH   TABLE ( FT ) 

U  -  MEAN   VELOCITY (FT/SEC) 

VIS(J)  -   KINEMATIC  VISCOCITY 

WID(J)  -  CHANNEL    WIDTH   TABLE ( FT  ) 

Y  -   FLOW  DEPTH(FT) 

Z  -  CHANNEL   WIDTH (FT) 

TEMP  -   WATER    TEMPERATURE   -  F 

SIZE  -  GRAIN  DIAMETER    IN  MILLIMETERS 

READ   COEFFICIENTS   FOR    PARABOLIC  INTERPOLATION 
DO   33322   JKL  =  1 »  15 
DO   33322   JKM=1, 12 
ALG ( JKL  » JKM ) =0.0 

READ (5,  10)    (C0( J) »C1( J ) , C2( J) »  C3( J) , J=l,  10) 

FURMAT(4F15.5) 

READ (5, 11)    Jl  tJ2,  J3, J4, Kl 

FORMAT ( 5  15) 

READ   WIDTH   AND   AREA  TABLE 
READ(5,12)    (WID(J), SAC( J)  , J=  1, J  1) 
FORMAT <  9X ,F7  . 1  , F  10  .2  ) 
READ    VISCOSITY  TABLE 
READ(5,13)    (  V  I  S ( J ) ,J=1»J2) 
FORMAT (AX , F7 .3 ) 
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C  READ   WATER   RATING  TABLE 

RE  AD  ( 5, 14)    ( RT ( J ) »  J= 1  *  J 3 ) 

14  FORMAT ( 12X,F1 2 .4 ) 

C  READ   SEDIMENT   TRANSPORT   SIMILITUOE  TABLE 

READ (5  , 15  )    ((ALG(J»K),K.=  2»K1),J=2,J4) 

15  FORMAT(8F10.8/3F10.8) 

C  READ   DATE   AND/OR  OTHER  IDENTIFICATION 

161  REaD<5»i7)daTE 
17  FQRMAT(10A8) 

RE AD ( 5  1 1  )  SIZE 
1  FORMAT ( F5  ,2  ) 

D50  =  SIZE/304.8 

G  =  32.174 

N  =  0 

LOAD   =  0.0 
OSP  =  0.0 
Z   =  0.0 
Y   =  0.0 

0  =  0.0 
U  =  0.0 
AL=  0.0 

WRITE(6tl6)    SIZE, DATE 

16  FORMAT (» 1 •, T30, ' SAND   DISCHARGE    BY    SIMILITUDE    METHOD'/'    ' 10A8  / 
1*    ' 10A8  / 

1«    TIME     GHT   TEMP  0  Z        ,Y  A        U  F          A L  BKJ 

2  QSP  OST  OBS') 

20  READ ( 5 ,21 »END=50)    T I  ME , S TAG E , T EM P 

21  FORMAT ( T13, 14, F5  .2 , T66 , 1 2 , T2 2 , F 6.0 , IX , F7 . 0, T4^ , F6 .0 ) 

1  F(  TEMP  .LT  .74  .OR  .TEMP  .GT  .75  )    GO   TO  20 
I F ( STAGE  .L  E  .  0 . 0 )    GO   TO  20 
IF(TEMP.LE.O)    GO   TO  20 

I F ( T I ME  •  EG  .9 )    GO   TO   16  1 
CALL  ZY(Z,Y,N) 
A   =  Z*Y 

CALL  OW(A,Q,U,N) 

F   =  U/SQRT(G*Y) 

FUOF    =    (G*Y*U  )/0.321 

NU   =   VIS (TEMP-31 )*0. 00001 

B I GO   =    (G**(l./3.)/NU**(2./3.) )*D50 

CALL   GRAPH (BIGD,F , AL ) 

LOAD   =   AL*(G*Y*U/0.321 ) 

OSP  =  LOAD*Z 

QST   =  0SP*43.2 

AL   =  AL*1000. 

IF( F  .LE  .0  .O.OR .BIGD .LE .0.0 )    GO   TO  96325 
IF( F*10  .GT  .12 .OR .BIGD.GT. 15 . )    GO  TO  96325 

WRITE (6,51  )    TIME, STAGE, TEMP, 0,Z,Y, A, U,F,AL, LOAD, OSP ,OST 
51  FORMAT! •  »I4,F6.2,I4,F8.2,2F5.1,F6.1,2F5.2,F7.4,F9.2,Fin.?,2F12.2/ 

85214  FORMAT (2F10. 2  ) 
96325  CONTINUE 

GO  TO  20 
50  CONTINUE 

CALL  EXIT 

END 
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SUBROUTINE  ZY(Z,Y,N) 

REAL**  RT<  200)  ,V I S(90) , SAC( 200)  ,ALG(  1 5,  12 ) , WlD( 200) 
DIMENSION  COt 10) ,C1( 10) , C2< 10) ,C3( 10) 
COMMON  C0,C1,C2,C3 

COMMON  RT,VIS,SAC,ALG,WID,STAGE,TEMP 

DF   =   STAGE*10.  0+ 1  .  0005-16  .0 

N  =  OF 

DF   =  DF-N 

Z  =  W I D (N ) + ( W ID ( N+ 1 ) -W I D  (N  )  )*DF 
Y  =   SAC  ( N  )  +  (  S  AC  (N  +  1 )  -  SAC(  N  )  )  *DF 

RETURN 
END 

SUBROUTINE  QW(A,Q,U,N) 

REAL**   RT(2  00),VIS(90),SAC(200),ALG(15,12),WID<200) 
DIMENSION  C0(10),C1( 10),C2( 10),C3( 10) 
COMMON  C0,C1,C2,C3 

COMMON   RT,VIS,SAC,ALG,WID,  STAGE,  TEMP 
C             A   =    AREA        WIDTH   *  DEPTH 
C            0  =   WATER    IN   CPS   FROM  TABLE 
C  U   =   MEAN   VEL.   COMPUTED   0/A 

N   =   N+  1  6 

K   =  STAGE*100.0+0.5 
K   =  K-K/10*10+l 

0   =   CO(K  )*RT(N  — 1 )+Cl (K)*RT(N )+C2( K) *R  T( N+ 1 )+C3l  K )*KT  (  N+2  ) 

U   =  0/A 

RETURN 

END 

SUBROUTINE   GR A PH ( B I GD , F , A L ) 

REAL**   RT(2  00),VIS(90),SAC( 200 ) , ALG ( 1 5, 1 2 ) , W I D ( 200 ) 
DIMENSION  C0( 1 0) ,C 1 (  10) , C2(  10) , C3 (  10) 
COMMON   CO, CI ,C2 ,C3 

COMMON   RT, VIS, SAC, ALG, WID, STAGE, TEMP 
C  FIND  UPPER   LEFT   CORNER   OF    BOUNURY    (K   L  L) 

K   =   B I GD 
L   =  F*10. 
D   =   B I GD 

A   =   ALG(L ,K )  +  (D-K)* ( ALGl  L, K+l ) -A LG ( L , K  )  ) 

B   =   ALG (L+l ,K) +(D-K)* ( ALG ( L+ 1, K+l ) -ALG( L+ 1, K) ) 

AL   =   A+ (F*10.0-L )* ( B-A ) 

RETURN 

END 
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SEDIMENT-YIELD  PREDICTION  WITH 
UNIVERSAL  EQUATION  USING  RUNOFF 
ENERGY  FACTOR 

By  Jimmy  E.  Williams2 

INTRODUCTION 


The  universal  soil  loss  equation  (16) 3  was  de- 
veloped for  predicting  field  soil  loss  as  a  guide  to 
conservation  farm  planning,  but  it  can  be  used 
to  predict  sediment  yield  from  watersheds  when 
a  delivery  ratio  is  applied  (1,  10,  13).  Delivery 
ratios  (the  sediment  yield  at  any  point  along  a 
channel  divided  by  the  source  erosion  above  that 
point)  have  been  computed  for  some  physio- 
graphic areas  (5,  7-9)  and  related  to  watershed 
characteristics.  However,  the  few  areas  studied 
represent  only  a  small  portion  of  the  United 
States. 

The  delivery  ratio  is  not  necessary  if  the  rain- 
fall energy  factor  of  the  universal  equation  is  re- 
placed by  a  runoff  rate  factor.  Watershed  char- 
acteristics such  as  drainage  area,  stream  slope, 
and  watershed  shape  influence  runoff  rates  and 
delivery  ratios  in  a  similar  manner.  For  example, 
a  high  stream  slope  produces  high  runoff  rates 
and  high  delivery  ratios. 

Besides  eliminating  the  need  for  a  delivery 
ratio,  the  runoff  factor  increases  the  accuracy  of 
the  universal  equation.  Although  runoff  is  high- 
ly correlated  with  rainfall  energy,  it  is  also  af- 
fected considerably  by  antecedent  soil  moisture. 
If  the  soil  moisture  is  low,  large-energy  rain- 
storms may  produce  little  or  no  runoff.  Without 
runoff  there  can  be  no  sediment  yield. 


1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  the  Texas 
Agricultural  Experiment  Station,  Texas  A&M  Univer- 
sity. 

2  Hydraulic  engineer,  Southern  Region,  Agricultural 
Research  Service,  U.S.  Department  of  Agriculture,  Tem- 
ple, Tex.  76501. 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 


The  universal  equation  was  developed  for  pre- 
dicting annual  sediment  yield.  The  modified 
equation  presented  here  was  developed  to  predict 
sediment  yield  for  individual  storms.  A  method 
of  predicting  sediment  yield  based  on  individual 
storms  should  be  more  accurate  than  annual  pre- 
diction procedures. 

In  a  previous  study  (15)  a  runoff  factor 
proved  superior  to  rainfall  for  predicting  sedi- 
ment concentrations  from  five  small  watersheds 
in  the  Texas  Blacklands.  Dragoun  and  Miller  (-4) 
found  that  a  runoff  factor  was  the  best  single 
predictor  of  sediment  yield  for  two  small  water- 
sheds in  Nebraska.  The  Committee  on  Sedimen- 
tation of  the  Hydraulics  Division,  American  So- 
ciety of  Civil  Engineers  (12) ,  stated  that  runoff 
is  the  best  single  indicator  of  sediment  yield.  The 
committee  also  pointed  out  that  the  use  of  runoff 
rate  for  determining  sediment  yield  is  feasible, 
because  numerous  short-term  runoff  records  for 
watersheds  throughout  the  country  can  be  ex- 
tended by  applying  an  assumed  rainfall-runoff 
relationship  to  long-term  rainfall  records.  More 
accurate  results  may  be  obtained  by  using  one  of 
several  available  runoff  prediction  models  such 
as  the  Stanford  model  (2),  USDAHL-70  model 
(6),  HYMO  (14) ,  or  the  Soil  Conservation  Serv- 
ice model  (12).  The  choice  of  runoff  model  de- 
pends upon  available  inputs,  time  requirements, 
and  desired  accuracy. 

The  runoff  prediction  models  can  be  used  to 
compute  hydrographs  for  watersheds.  There- 
fore, the  runoff  rate  and  volume  are  available  to 
form  a  prediction  factor.  The  runoff  rates  and 
volumes  were  substituted  for  the  rainfall  energy 
factor  in  the  universal  equation,  and  an  optimi- 
zation technique  (3)  was  used  to  determine  the 
prediction  equation. 
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MODIFIED  UNIVERSAL  SOIL  LOSS  EQUATION 


The  universal  equation  is 

A=RXKXLSXCXP 


(1) 


where    A=the  computed  soil  loss  in  tons  per 
acre, 

72= the  rainfall  factor, 
if=the  soil-erodibility  factor, 
L£=the  slope  length  and  gradient  factor, 
C =the  cropping  management  factor, 
and       P=the  erosion-control-practice  factor. 

In  previous  work  (13)  the  universal  equation 
was  modified  for  watershed  application.  The  K, 
LS,  C,  and  P  factors  were  weighted  according  to 
drainage  area  so  that  the  source  erosion  can  be 
computed  for  the  entire  watershed  in  one  solu- 
tion of  the  equation.  The  general  form  of  the 
weighting  function  is 


it 

E 


X{DA, 


X- 


DA 


where     X=weighted  factor, 

Xi= value  of  the  factor  covering  drain- 
age area  BAU 

and     ZL4=total  drainage  area  of  the  water- 
shed. 

Only  the  cultivated  area  of  a  watershed  is  con- 
sidered in  computing  the  P  factor.  The  three 
erosion-control  practices  and  their  values  are  as 
follows: 

Practice  P 

Straight  rows   1.0 

Straight  rows  with  grassed  waterways  .3 

Terraces  with  grassed  waterways  1 

The  remaining  two  factors,  A  and  R,  must  be 
considered  when  the  runoff  factor  is  installed. 


Since  previous  work  has  shown  that  runoff  is 
more  highly  correlated  to  sediment  loss  than  is 
rainfall,  the  rainfall  factor,  R,  in  equation  1  is 
replaced  by  a  runoff  factor.  Three  forms  of  the 
runoff  factor  were  investigated  for  each  of  two 
forms  of  equation  1.  These  were  as  follows: 


A 

tpa 

tpa 

tpa 

t 

t 

t 


R 

£>!  (in-\-vph)B'2 

B1(inXiph)B- 

B1xinB^xiphB:i 

B^af+cfs)** 

B1(afxcfs)*? 

BiXafB-XcfsB* 


where 


(2)  and 


£pa=sediment  yield  in  tons  per  acre, 
51=constants  determined  by  optimiza- 
tion, 

m=volume  of  runoff  in  inches, 
iph=ipeak  runoff  rate  in  inches  per 
hour, 

£=sediment  yield  in  tons, 
af= volume  of  runoff  in  acre-feet, 
c/s=peak  runoff  rate  in  cubic  feet  per 
second. 


Besides  using  the  peak  runoff  rates,  a  weight- 
ed runoff  rate  was  determined  for  each  storm 
and  substituted  for  the  peak  rates.  The  weight- 
ing equation  is 


E 


QiXqi 


where 


and 


*w~  Q 

<7io=weighted  runoff  rate, 
Qi=incremental  runoff  volume, 
(7i=incremental  runoff  rate, 
Q=total  runoff  volume. 


(3) 


DATA  DESCRIPTION 


The  data  used  to  evaluate  the  various  forms  of 
the  modified  universal  equation  were  collected 
from  18  small  watersheds.  The  collection  pe- 
riods and  the  watershed  areas  ranged  consider- 
ably. During  1939-43,  data  were  collected  from 
eleven  3-acre  watersheds  near  Riesel,  Tex.  Data 
were  also  collected  at  Riesel  during  1960-70 
from  five  watersheds  with  areas  ranging  from 


132  to  4,380  acres.  At  Hastings,  Nebr.,  data  were 
collected  during  1957-66  from  two  watersheds 
with  areas  of  about  450  acres.  These  data  con- 
tained a  total  of  778  individual  storms.  Table  1 
describes  the  data  for  each  watershed. 

The  soils  at  Riesel  are  Blackland  Prairie  soils 
that  have  a  high  content  of  montmorillonite  clay. 
The  Hastings  soils  have  a  silt  loam  texture  and 
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Table  1. — Description  of  ivatershed  data 


Wa.  t  pv^  VipH 

1  .n/^o  finTi 

Drainage 
area 

Average 
lanu  slope 
\VCZ) 

Slope 
length 
(it) 

Numbe: 
of  event 

SW-2   

 Riesel,  Tex. . 

2.70 

1.91 

400 

26 

SW-3   

 do  

3.09 

1.91 

450 

20 

SW-5   

 do  

3.09 

3.27 

450 

32 

SW-6   

 do  

3.04 

3.18 

410 

28 

SW-7   

 do  

3.15 

1.67 

470 

32 

SW-11   

 do  

3.23 

.94 

400 

27 

SW-12   

 do  

2.97 

3.81 

380 

16 

SW-13   

 do  

3.19 

3.07 

430 

33 

SW-16   

 do  

3.17 

2.58 

440 

39 

SW-17   

 do  

2.99 

1.83 

380 

32 

SW-18   

 do  

3.04 

1.14 

460 

33 

Y-2   

 do  

132 

2.57 

240 

55 

W-l   

 do...... 

176 

2.19 

274 

59 

Y   

 do  

309 

2.41 

393 

58 

D   

 do  

.  1,110 

2.10 

298 

69 

G   

 do  

.  4,380 

2.06 

346 

68 

W-3   

•  •  •  Hastings,  Nebr. . 

481 

5.40 

218 

97 

W-5   

Total  .  . 

 do  

411 

5.90 

258 

54 
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are  representative  of  the  loessial  soils  region. 
Average  annual  rainfall  is  about  34  inches  at 
Riesel  and  24  inches  at  Hastings.  Land  use 
ranged  considerably  for  the  18  watersheds.  Ten 
of  the  eleven  3-acre  watersheds  were  cultivated, 
and  one  was  native  meadow.  Land  use  on  the 
larger  watersheds  ranged  from  high  percentages 
of  cultivated  land  on  Y-2,  Y,  W-l,  W-3,  and  W-5 
to  high  percentages  of  pasture  and  other  non- 
tilled  land  on  watersheds  D  and  G. 

The  two  erosion  control  practices  used  for  the 
cultivated  areas  of  the  watersheds  were  terraces 
and  grassed  waterways.  Ten  of  the  3-acre  water- 
sheds were  cultivated  with  straight  rows  and 
without  terraces  or  waterways.  Watersheds  Y 
and  Y-2  were  conservation  watersheds.  All  culti- 
vated lands  with  slopes  greater  than  1  pet  were 

DEVELOPMENT 

To  determine  the  most  accurate  prediction 
equation,  each  form  of  the  runoff  and  sediment- 
yield  factors  discussed  earlier  was  substituted 
into  the  universal  equation  and  evaluated  by 
optimization  (3),  The  equation  that  best  fit  the 
data  was 

S=95(QXq>)°:56X#X£SxCXi><  (4) 
where    S= sediment  yield  in  tons, 


terraced  and  had  grassed  waterways.  All  tillage 
operations  were  parallel  to  the  terraces.  Water- 
shed W-l  had  no  terraces  but  did  have  grassed 
waterways  to  carry  the  outflow  from  cultivated 
areas  to  the  main-stem  channel.  The  watershed 
was  cultivated  in  straight  rows  parallel  to  field 
boundaries  without  regard  to  slope.  Watersheds 
D  and  G  had  some  cultivated  land  that  was  ter- 
raced and  some  that  was  not.  Most  of  the  culti- 
vated areas,  especially  the  terraced  areas,  had 
waterways.  However,  some  of  these  terraces  and 
waterways  were  not  as  well  maintained  as  those 
on  watersheds  Y,  Y-2,  and  W-l.  Watershed  W-3 
was  farmed  with  straight  rows.  Watershed  W-5 
was  predominantly  farmed  in  accordance  with 
the  best  recommended  conservation  measures. 

OF  EOUATION 

Q= volume  of  runoff  in  acre-feet, 
and      g;j=peak  flow  rate  in  cubic  feet  per  sec- 
ond. 

Equation  4  explains  about  92  pet  of  the  varia- 
tion in  sediment  yield.  Another  form  of  the  run- 
off factor,  B^af^Xcfs8*,  can  be  substituted 
into  equation  4  with  no  loss  of  prediction  accur- 
acy. Since  both  forms  predicted  equally,  the 
simpler  form  was  chosen. 
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DISCUSSION  OF  RESULTS 


Besides  explaining  a  large  percentage  of  the 
total  variation  in  sediment  yield,  it  is  also  im- 
portant to  have  uniform  prediction  accuracy  for 
each  watershed.  As  an  example,  some  forms  of 
the  prediction  equation  explained  almost  as 
much  of  the  total  variation  as  equation  4,  but 
predicted  too  high  for  some  watersheds  and  too 
low  for  others.  Equation  4  is  also  more  accurate 
for  large  storms  than  for  small  ones.  Since  a  few 
large  storms  produce  most  of  the  sediment  yield, 
it  is  important  to  be  more  accurate  in  predicting 
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the  big-storm  sediment  yields.  This  feature  is 
forced  on  equation  4  by  the  optimization  proce- 
dure because  the  coefficients  are  adjusted  to 
minimize  the  error.  Since  the  magnitude  of  the 
error  is  much  greater  for  large  storms,  the  large 
storms  influence  the  coefficients  of  the  equation 
more.  For  this  reason,  some  forms  of  the  equa- 
tion overpredicted  sediment  yields  from  the 
small  watersheds.  To  demonstrate  the  perform- 
ance of  equation  4,  figures  1-5  show  the  observed 
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Figure  2. — Comparison  of  observed  and  predicted  sediment  yields  for  watersheds  SW-7,  SW-11,  SW-12,  and  SW-13. 


versus  the  predicted  sediment  yields  for  each 
watershed. 

The  eleven  3-acre  watersheds  were  used  to 
compare  the  accuracy  of  equation  4  with  that  of 
the  universal  soil  loss  equation,  with  rainfall  on 
a  storm  basis.  These  small  watersheds  are  ideal 
for  the  comparison  because  the  delivery  ratio  and 
the  erosion-control-practice  factor  are  1.0  for 
each  watershed.  The  values  of  K,  C,  and  LS  were 
the  same  for  both  equations.  Therefore,  the  only 
difference  was  between  the  rainfall  and  runoff 
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factors.  Equation  4  explained  82  pet  and  the  uni- 
versal equation  explained  47  pet  of  the  variation 
in  sediment  yield  for  the  small  watersheds. 

The  universal  equation  and  equation  4  were 
also  compared  for  the  five  largest  watersheds  at 
Riesel.  The  annual  sediment  production  was  com- 
puted previously  (13)  with  the  universal  equa- 
tion to  determine  delivery  ratios.  The  delivery 
ratio  was  computed  by  dividing  the  measured 
sediment  yield  for  an  8-yr  period  by  the  sum  of 
the  annual  predicted  sediment  production.  To  de- 

i 


termine  the  annual  sediment  yields  with  the  uni- 
versal equation,  the  computed  delivery  ratio  for 
each  watershed  was  multiplied  by  the  predicted 
sediment  production  for  each  year.  The  annual 
sediment  yields  were  computed  with  equation  4 
by  summing  predicted  yields  for  individual 
storms  in  each  year.  The  average  annual  per- 
centage errors  for  each  watershed  are  shown  in 
the  following  table. 

The  universal  equation  overpredicted  sedi- 
ment production  for  years  with  low  rainfall  fac- 


tors and  underpredicted  sediment  production  for 
years  with  high  rainfall  factors. 


Percent  error 


Watershed  Universal  Equation 

equation  4 


G    43  15 

D    66  37 

W-l    62  15 

Y    59  13 

Y-2    73  24 


Besides  determining  and  evaluating  a  runoff 
factor  for  the  universal  equation,  the  erosion- 
control-practice  factor  was  studied.  The  other 
factors  of  the  equation,  K,  LS,  and  C,  have  been 
determined  for  plots  (17)  and  can  be  applied  to 
watersheds.  However,  guidelines  for  determin- 
ing the  P  factor  for  watersheds  are  not  com- 
pletely developed.  The  P  factors  were  estimated 
for  this  study  according  to  the  guidelines  sug- 
gested in  a  previous  study  (13).  The  determina- 
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Figure  4. — Comparison  of  observed  and  predicted 


tion  of  P  factors  was  quite  simple  for  several  of 
the  watersheds.  Since  erosion  control  was  not 
practiced  on  any  of  the  3-acre  watersheds,  their 
P  factor  was  1.0.  Watersheds  Y  and  Y-2  were 
conservation  watersheds,  so  their  P  factors  were 
estimated  to  be  0.1.  The  other  watersheds  fell 
between  these  extremes.  It  was  difficult  to  esti- 
mate P  factors  for  the  Hastings  watersheds  be- 
cause information  about  erosion  control  was  in- 
complete. A  prediction  equation  similar  to  equa- 
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sediment  yields  for  watersheds  G,  D,  Y,  and  Y-2. 
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tion  4  was  developed  with  the  initial  estimates  of 
the  P  factors.  The  P  factors  were  then  adjusted 
to  make  the  sum  of  the  errors  equal  zero  for  each 
watershed.  The  adjusted  P  factors  for  each  wa- 
tershed are  shown  in  the  following  table. 

The  adjustments  were  restricted  so  that  the  P 
factors  for  the  3-acre  watersheds  had  to  be  1.0. 
This  forced  a  slight  increase  in  most  of  the  other 
estimated  P  factors.  The  adjusted  P  factors  for 
watersheds  Y  and  Y-2  indicate  that  P  should  be 
0.2  for  watersheds  that  are  terraced  and  have 
waterways.  Since  the  only  conservation  practice 
used  on  watershed  W-l  was  grassed  waterways, 


the  grassed-waterway  P  factor  is  changed  from 
0.3  to  0.4. 


Watershed  P 

G    0.40 

D   30 

W-l  40 

Y   20 

Y-2  20 

SW-2    1.00 

SW-3    1.00 

SW-5    1.00 

SW-6    1.00 


Watershed  P 

SW-7    1.00 

SW-11    1.00 

SW-12    1.00 

SW-13    1.00 

SW-16    1.00 

SW-17    1.00 

SW-18    1.00 

W-3  45 

W-5  40 
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SUMMARY  AND  CONCLUSIONS 


The  rainfall  energy  factor  of  the  universal 
soil  loss  equation  was  replaced  by  a  runoff  factor 
(volume  of  runoff  X  peak  runoff  rate  for  a 
storm) .  The  modified  equation  eliminates  the 
need  for  a  delivery  ratio  and  is  more  accurate 
than  the  original  equation.  Data  from  18  small 
watersheds  were  used  to  develop  the  modified 
equation  which  explained  about  92  pet  of  the 
variation  in  sediment  yield. 

The  erosion-control-practice  factor  was  ad- 
justed for  watershed  application.  P  was  deter- 


mined to  be  0.2  for  terraces  and  waterways  and 
0.4  for  waterways  only. 

Although  the  runoff  factor  is  a  good  sediment- 
yield  predictor,  more  research  is  needed  to  insure 
that  the  modified  equation  is  applicable  to  most 
small  watersheds.  All  available  small-watershed 
sediment  data  should  be  analyzed  to  determine 
the  optimum  values  of  the  coefficients  in  the  pre- 
diction equation.  Also,  more  work  is  needed  to 
determine  guidelines  for  selecting  erosion-con- 
trol-practice factors  for  watersheds. 
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SEDIMENT  YIELD  AS  RELATED  TO  A  STOCHASTIC 
MODEL  OF  EPHEMERAL  RUNOFF 

By  K.  G.  Renard  and  L.  J.  Lane1 


Ephemeral  streams  in  areas  subject  to  air- 
mass  thunderstorms  characteristically  have 
highly  variable  runoff.  Quantification  of  such 
runoff  is  difficult  but  necessary  before  the  sedi- 
ment yield  of  a  watershed  can  be  estimated. 

Provisions  for  sedimentation  processes  should 
be  an  integral  part  of  design,  construction,  or 
maintenance  of  conservation  measures  in  a  wa- 
tershed. Although  progress  has  been  made  to- 
ward understanding  the  processes  of  sedimenta- 
tion, such  as  the  detachment,  entrainment,  trans- 
port, deposition,  and  consolidation  of  fluvial 
sediments,  much  work  remains.  We  believe  that 
significant  progress  toward  predicting  sediment 
yield  can  be  made  by  coupling  hydrologic 
models  (or  phases  of  the  hydrologic  cycle)  to 
analytical  models  of  sedimentation  processes. 

Sedimentation  and  hydrologic  processes  have 
essential  similarities  in  humid  and  arid  areas, 
but  there  are  major  differences  involved  in  their 
boundary  conditions.  Figure  1  shows  that  con- 
ceptually, even  with  tributary  inflow,  the  dis- 
charge of  an  ephemeral  stream  may  remain  the 
same  or  decrease  downstream  because  of  the  con- 
tinual water  loss  to  the  coarse  streambed.  Such 
losses  in  ephemeral  streams  may  dominate  the 
streamflow  response  to  precipitation  events.  Al- 
though transmission  losses  in  ephemeral  chan- 
nels has  been  discussed  extensively  (1,  2,  5,  6, 
11, 12,  U,  15, 19,  20, 21, 2h)  ,2  satisfactory  analy- 
tic models  for  use  on  ungaged  basins  within  a  re- 
gion are  not  yet  available. 

As  an  alternative  to  determining  the  runoff  at 
a  specific  point  and  then  routing  it  in  time  and 
space,  certain  runoff  properties  can  be  quanti- 
fied by  modeling  the  runoff  as  a  stochastic  proc- 


1  Research  center  director  and  hydrologist,  Southwest 
Watershed  Research  Center,  Western  Region,  Agricul- 
tural Research  Service,  U.S.  Department  of  Agriculture, 
442  East  Seventh  St.,  Tucson,  Ariz.  85705. 

2  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 


ess.  Data  on  storm  occurrences  in  time  and  space 
and  magnitudes  of  the  individual  events  are 
necessary  for  a  model  relating  runoff  and  sedi- 
ment yield.  A  stochastic  model  that  preserves  the 
special  conditions  encountered  in  ephemeral 
streams  in  semiarid  regions  can  be  developed. 


UPPER  END 


Figure  1. — Conceptual  model  of  an  ephemeral  stream 
reach  with  discharge  porportional  to  stream  width. 
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DESCRIPTION 

The  sediment-yield  model  described  in  this  pa- 
per incorporates  a  stochastic  model  of  runoff 
with  a  deterministic  sediment-transport  rela- 
tion. It  was  developed  and  verified  with  field 
data  for  the  Walnut  Gulch  Experimental  Water- 
shed near  Tombstone  in  southeastern  Arizona 
(fig.  2).  The  watershed,  which  is  operated  by 
the  Agricultural  Research  Service,  contains  95 
recording  rain  gages  and  11  major,  critical- 
depth,  streamflow  measuring  stations.  The  58- 
mi2  watershed  has  an  average  annual  precipita- 


OF  WATERSHED 

tion  of  14  inches  and  is  representative  of  much  of 
the  mixed  grass-bush  rangeland  in  southeastern 
Arizona  and  southwestern  New  Mexico.  Most  of 
the  watershed  is  grazed  year  around.  Elevations 
in  the  watershed  range  from  4,000  ft  above  mean 
sea  level  at  the  watershed  outlet  to  over  6,000  ft. 
Most  of  the  watershed  consists  of  gently  rolling, 
low  hills  typical  of  the  intermountain  Basin  and 
Range  province,  with  only  about  1  mi2  of  the 
watershed  in  the  headwaters  of  the  Little  Dra- 
goon Mountains. 


STOCHASTIC  MODEL  OF  RUNOFF 


Techniques  have  been  developed  for  using  sto- 
chastic models  in  water-resource  systems  (10). 
Maass  et  al.  (18)  suggested  the  use  of  synthetic 
data  to  partially  overcome  the  problem  of  short- 
duration  data.  Benson  and  Matalas  (3)  used 
statistical  parameters  estimated  from  the  physi- 
cal and  climatic  characteristics  of  drainage  bas- 
ins to  generate  data  at  ungaged  locations.  More 
relevant  to  analysis  of  runoff  on  semiarid  areas 
such  as  Walnut  Gulch  is  the  work  of  Kisiel,  Duck- 
stein,  and  Fogel  (13)  concerning  the  analysis 
and  modeling  of  ephemeral  streamflow.  Further 
analysis  (9)  related  rainfall  and  runoff  for  sum- 
mer storms.  In  their  analysis,  a  Poisson  distribu- 
tion was  used  to  model  the  number  of  events  per 
season.  The  assumption  of  a  Poisson  distribution 
was  based  on  the  work  of  Brooks  and  Carruthers 
(A)  and  Todorovic  and  Yevjevich  (22).  Duck- 
stein,  Fogel,  and  Kisiel  (9)  modeled  the  rainfall 
depth  at  a  point  as  a  geometric  random  variable 
and  the  areal  rainfall  as  a  negative  binomial 
random  variable.  The  runoff  volumes  were  ob- 
tained by  assuming  a  linear  rainfall-runoff  rela- 
tionship and  then  randomizing  the  coefficient. 

As  an  alternative  to  a  rainfall-runoff  model,  a 
stochastic  model  of  ephemeral  runoff  was  de- 
veloped with  data  from  the  Walnut  Gulch  Ex- 
perimental Watershed  (7,8,16).  This  stochastic 
model,  which  is  summarized  in  figure  3  and  table 
1,  generates  intermittent  and  independent  run- 
off events  and  was  used  as  a  starting  point  for 
the  study  reported  here.  Two  variables  were  used 
to  describe  the  runoff  season:  (1)  the  starting 
date  of  the  summer  runoff  season  and  (2)  the 
number  of  runoff  events  recorded  at  the  water- 
shed outlet  per  season.  The  temporal  distribution 
of  the  runoff  events  was  described  by  two  vari- 
ables: (1)  the  event  time  of  day  and  (2)  the  in- 


terval between  events.  Each  runoff  event  was 
described  by  two  random  variables:  (1)  runoff 
volume  and  (2)  peak  discharge.  Runoff  volume 
and  peak  discharge  were  highly  correlated  so 
that  the  peak  discharge  could  be  generated  from 
the  runoff  volume.  The  synthetic  data  generation 
process  is  shown  in  figure  3.  A  final  characteri- 
zation of  the  model  is  given  by  the  assumed  dis- 
tributions for  the  random  variables.  These  as- 
sumed distributions,  modified  from  Diskin  and 
Lane  (8) ,  are  given  in  table  1. 
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Figure  2. — Walnut  Gulch  Experimental  Watershed. 
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Table  1. — Assumed  probability  distributions  for  variables  describing  runoff 

events 


Runoff  variable 


,  Theoretical 
Symbo1  distribution  Parameters 

S  Normal  Mean,    standard  devia- 

tion. 

A7  Poisson   Mean. 

T         Normal  Mean,    standard  devia- 
tion. 

D  Negative  Mean, 

exponential. 

L  Normal  Mean,  standard  deviation 

(of  logarithms) . 


Start  of  runoff  season  

Number  of  events  at  outlet  per 
runoff  season. 

Begin  time  of  each  event  

Interval  between  events   

Logarithm  of  volume  of  runoff 
for  each  event. 


SEDIMENT-TRANSPORT  MODEL 


The  sediment-transport  part  of  the  sediment- 
yield  model  was  developed  with  the  Manning 
equation  and  the  Laursen  (17)  transport  rela- 
tion, given  respectively  as 


1.49 

n 


(1) 


where    F=average  velocity  in  feet  per  second, 
w=Manning's  roughness  coefficient, 
.R=hydraulic  radius  in  feet, 
S=slope  of  bed  in  feet  per  foot, 


and 


V 


and 


where 


— 1  / 


w 


(2) 


and 


C=the  mean  concentration  of  total  sedi- 
ment in  percent  by  weight, 
jr)=bed  material  fraction  of  diameter  d, 
d=diameter  of  sediment  particle  in 
feet, 

1/= depth  of  flow  in  feet, 

T0'=boundary  shear  stress  associated 
with  sediment  diameter, 

T0=boundary  shear  or  tractive  force  at 
the  stream  bed=yyS0, 

rc=critical  tractive  force  for  the  begin- 
ning of  sediment  movement, 

y=mass  weight  of  water  in  pounds  per 
cubic  foot, 

p= density  of  water  in  slugs  per  cubic 
foot, 

w=fall  velocity  of  sediment  in  feet  per 
second. 


With  the  Manning  formula  and  the  Strickler 
expression  for  n  as  a  function  of  the  sediment 
diameter  (%=0.034d1/6)  it  can  be  shown  that 


-KV"- 


(3) 


where    i£=l/30  and  d==DS0=fi,  the  mean  grain 
size. 

The  critical  tractive  force  was  obtained  by 
Laursen  as 


rc=Cd, 


(4) 


where,  from  the  Shields  diagram,  4<C  <16. 

The  function  term  in  the  formula  can  be  de- 
termined graphically  or  by  writing  straight-line 
equations  for  segments  of  the  u*/iv  relationship 
given  in  Laursen's  original  paper.  For  the  digi- 
tal-computer solutions  used  subsequently,  a  lin- 
ear interpolation  scheme  was  developed  with 
logarithms  of  the  data  for  straight-line  segments 
of  the  original  graph.  The  fall  velocity  for  the 
sediment  was  computed  with  a  similar  logarith- 
mic interpolation  scheme  for  data  from  figure  5 
of  reference  23. 

The  instantaneous  sediment  discharge  (as- 
suming a  bulk  dry  sediment  weight  of  100  lb/ft3) 
for  a  given  water  discharge  was  obtained  by 
Laursen  from  the  equation 


Cq_ 
:265' 


(5) 
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where  ^^instantaneous  sediment  discharge 
in  cubic  feet  per  second  per  foot  of 
stream  width, 
<7=instantaneous  water  discharge  in 
cubic  feet  per  second  per  foot  of 
stream  width, 

and       C=mean  sediment  concentration  in  per- 
cent by  weight. 

Many  ephemeral  streams  have  wide  cross  sec- 
tions with  relatively  level  bottoms.  Such  wide 
sections  and  relatively  shallow  flow  depths  rela- 
tive to  the  channel  width  allow  approximating 
the  hydraulic  radius  with  the  flow  depth  (y). 
Further  simplification  can  be  made  by  assuming 
that  the  flow  cross  section  can  be  approximated 
by  a  rectangular  section  where  area  is  the  prod- 
uct of  the  top  width  and  the  flow  depth,  the  rela- 
tionship used  in  equation  5.  With  these  assump- 
tions and  equations,  a  computer  program  was  de- 
veloped to  facilitate  the  computations.  A  flow 
chart  for  this  program  is  shown  in  figure  4. 

To  compute  the  sediment-discharge  volume 
associated  with  each  runoff  event,  a  triangular 
hydrograph  shape  was  assumed.  To  minimize  the 
computing  time,  discharge-concentration  compu- 
tations were  based  on  the  value  of  Q„/b,  with  a 
simple  triangle  assumed  when  QP/b  was  less  than 
unity  (?)  is  the  stream  width  in  feet) .  When  Qv/b 
was  less  than  10,  the  concentration  was  obtained 
at  the  hydrograph  peak  and  at  one-half  the  peak 
value,  and  the  resulting  sediment-discharge 
graph  was  integrated  to  obtain  the  volume.  Simi- 
larly, when  Q„/b>10,  the  sediment  discharge  was 
obtained  for  the  peak  discharge  and  at  one-third 


and  two-thirds  of  the  peak  value.  This  scheme 
preserved  some  of  the  nonlinearities  involved  in 
the  sediment-discharge  computations. 
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Figure  3. — Flow  chart  of  synthetic  data  generation 
process.  (From  Lane  and  Renard,  16.) 


MODEL  VERIFICATION 


Methods  for  analysis  and  comparison  of  ob- 
served and  synthetic  runoff  data  from  semiarid 
watersheds  have  been  developed  and  tested  (16) . 
Three  50-yr  sets  of  synthetic  runoff  data  were 
generated  on  a  36.7-mi2  subarea  on  the  Walnut 
Gulch  watershed  and  compared  with  the  shorter 
sequence  of  observed  data.  Two  comparisons 
were  necessary  to  judge  the  degree  of  corre- 
spondence between  the  statistics  of  the  actual 
and  synthetic  data  for  those  parameters  used  in 
the  generation  process.  This  correspondence  was 
good.  Parameters  not  used  as  direct  input  to  the 
model  were  also  compared.  Four  such  compari- 
sons are  shown  on  table  2.  The  means  and  stand- 
ard deviations  should  agree,  and  the  ranges  in 


the  longer  synthetic  data  sets  should  exceed  those 
of  the  shorter  observed  data  set.  Peak-discharges 
and  length-of-season  ranges  satisfy  this  hypo- 
thesis, but  annual  volumes  agree  better.  The  most 
serious  differences  in  table  2  are  between  the 
standard  deviations  of  the  season  length  for  the 
observed  and  synthetic  data,  suggesting  a  need 
for  an  added  constraint  on  season  length  within 
the  model. 

The  comparisons  between  observed  and  syn- 
thetic runoff  data  indicate  that  the  model  gener- 
ates data  comparable  to  the  observed  data  with 
respect  to  the  comparison  criteria  (table  2),  ex- 
cept for  the  variability  in  season  length.  How- 
ever, the  mean  values  of  season  length  corre- 
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spond,  allowing  the  use  of  this  runoff  model  in 
the  sediment-yield  calculations.  Of  primary  im- 
portance was  the  preservation  of  maximum  an- 
nual discharge  and  annual  runoff  volume  means 
and  standard  deviations. 

Sediment-discharge  data  are  difficult  to  ob- 
tain in  ephemeral  streams  because  (1)  the  flow 
depths  change  rapidly,  (2)  the  high  stream 
velocities  make  it  difficult  to  obtain  an  aliquot 
of  the  water-sediment  mixture  by  conventional 
depth-integrating  samplers,  and  (3)  high  debris 
loads  clog  samplers  and  impair  sampler  opera- 
tion. Depth-integrated  samples  obtained  inter- 
mittently at  flumes  1  and  6  on  the  Walnut  Gulch 
Experimental  Watershed  (fig.  2)  were  used. 
Samples  at  these  two  gaging  sites  were  obtained 
with  a  USD-48  hand  sampler  by  wading  across 
the  stream  at  low  discharges.  At  high  stages,  a 
USP-63  depth-integrating  sampler  was  lowered 
from  a  cableway  about  100  ft  upstream  from  the 
flume. 

Synthetic  values  of  peak  sediment  discharge 
and  storm  sediment  volume  (suspended  sediment 
only)  are  compared  with  actual  measurements  in 
figures  5  and  6  for  the  outlet  of  Walnut  Gulch. 
The  agreement  between  the  actual  and  synthetic 
data  is  encouraging,  although  the  snythetic 


Table  2. — Comparison  of  parameters  not  used  in  generation  of  synthetic 

data1 


Runoff 
variable 

Observed 

Synthetic  data 

data 

Set  50-1 

Set  50-2 

Set  50-3 

(93  events) 

(605  events) 

(567  events) 

(578  events) 

Peak  individual 

discharge  (ft3/s)  : 

Mean   

495 

614 

545 

509 

Standard  deviation 

1,114 

1,699 

1,322 

1,483 

Range   

0  7,300 

0-23,800 

0-11,700 

0-21,300 

Maximum  annual 

discharge  (ftVs)  :2 

Mean   

2,845 

4,152 

3,399 

3,486 

Standard  deviation  • 

2,390 

4,212 

2,732 

3,656 

Range   

64  7,300 

417-23,800 

26-11,700 

184-21,300 

Annual  runoff  (inches)  : 

Mean   

0.25 

0.27 

0.22 

0.21 

Standard  deviation  .  • 

0.24 

0.21 

0.18 

0.16 

Range   

•  ■  0.009  0.750 

0.019-0.825 

0.0002-0.670 

0.017-0.852 

Runoff  season  (days) : 

Mean   

59.2 

64.6 

60.6 

60.5 

Standard  deviation  •  • 

12.1 

28.0 

28.0 

19.6 

Range   

41  80 

16-137 

1-150 

23-118 

1  From  Lane  and  Renard  (16) . 

2  Annual  values  based  on  8  yr  of  historic  data  and  50-yr  sets  of  synthetic  data. 
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Figure  4. — Flow  chart  of  sediment-discharge  computa- 
tion program. 
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Figure  5. — Comparison  of  the  synthetic  and  actual  sediment  yields  for  selected  runoff  events  and  bed-material  size 
distributions  by  a  log-normal  probability  relationship  quantified  by  a  mean  diameter  (»)  and  standard  deviation 
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Figure  6. — Comparison  of  synthetic  and  actual  peak  sediment  discharges  for  selected  events  on  Walnut  Gulch  at 
flume  1  and  bed-material  size  distributions  by  a  log-normal  probability  relationship  quantified  by  a  mean  diam- 
eter (,,)  and  a  standard  deviation  (o-). 
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values  are  very  sensitive  to  the  bed-material  size 
distribution  represented  on  the  figure  by  the 
mean  grain  size  (/-t)  and  the  standard  deviation 
(o-).  The  individual  concentration-water  dis- 
charge values,  however,  exhibit  a  wider  scatter 
than  that  shown  in  these  figures. 

Figure  7  shows  the  concentration  data  for 
samples  collected  at  the  Walnut  Gulch  outlet  dur- 
ing the  1970  summer  monsoon  season.  As  shown 
in  this  figure,  the  concentration  for  any  instan- 
taneous discharge  varies  considerably  (almost  a 
full  log  cycle) .  Tracing  the  pattern  of  consecu- 
tive samples  for  an  individual  flow  event  shows  a 
typical  "7,"  or  loop,  pattern.  (See  the  short  dash 
line  connecting  the  open  squares  in  the  upper  left 
portion  of  figure  7.)  Thus,  for  example,  the  con- 
centration remains  essentially  independent  of 
discharge  on  the  rising  portion  of  the  hydro- 
graph  and  exhibits  a  more  normal  concentration 
line  slope  on  the  recession. 

The  lines  shown  on  the  graph  are  the  concen- 
tration-discharge relationship  for  various  bed- 
material  size  distributions  computed  by  the 
Manning  flow  equation  with  the  Laursen  sedi- 
ment-transport relation.  The  solid  lines  in  the 
figure  represent  Manning  roughness  values  of 
0.025,  and  the  dash  lines  represent  roughness 
values  of  0.020.  The  shaded  portions  illustrate 


the  transport  portion  associated  with  the  bed- 
load  as  predicted  from  the  Laursen  relation  for 
two  size  distributions  and  roughness  values. 

Sediment  sizes  of  the  material  available  for 
transport  on  the  streambed  vary  considerably, 
both  spatially  and  temporally.  Figure  8  illus- 
trates some  of  the  variability  encountered  by 
sampling  the  channel  material  100  ft  upstream 
from  the  flume  after  each  flow  event  in  1970, 
i.e.,  corresponding  to  the  sampling  periods  shown 
in  figure  7.  Such  sampling  at  equal  increments 
across  the  stream  showed  wide  variations  in  the 
mean  size  and  some  variation  in  the  standard 
deviation.  The  log-normal  distribution  shown  in 
this  figure  was  used  in  the  sediment  concentra- 
tion generating  routine  to  obtain  the  percentage 
of  material  in  various  size  increments,  which 
simplified  the  computation  scheme.  Thus,  al- 
though the  extremes  departed  slightly  from  a 
straight-line  theoretical  distribution,  these  devi- 
ations were  probably  less  than  the  errors  associ- 
ated with  other  assumptions.  The  importance  of 
this  size  variation  within  a  storm  and  within  a 
season  can  be  seen  from  the  mean  sediment  size 
(/.'.)  and  the  standard  deviation  (o-)  used  in  fig- 
ure 7  to  label  the  individual  concentration-dis- 
charge lines. 
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Figure  7. — Sediment  concentration  versus  water  discharge  at  flume  1  on  Walnut  Gulch.  The  circles  are  instantaneous 
values  obtained  by  sampling  in  1970,  and  the  square  connected  by  the  dash  line  is  a  typical  pattern  associated 
with  an  individual  runoff  event.  The  solid  and  dash  lines  are  values  predicted  with  the  Laursen  transport  relation 
for  various  size  distributions  given  by  the  mean  and  standard  deviations  shown. 
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LONG-TERM  RUNOFF  AND  SEDIMENT  YIELD 


Synthetic  runoff  and  sediment  data  were  gen- 
erated on  watersheds  1  and  b.  These  DU-yr  sets 
of  synthetic  data  were  tormed  by  generating 
runoff  data  with  the  stochastic  model  descnoed 
earlier  and  then  by  using  these  runoit  data  m  the 
runoff -sediment  model.  The  result  of  coupling  a 
stochastic  and  deterministic  model  is  again  a 
stochastic  sequence  of  runoff  and  sediment  data. 

The  generation  of  synthetic  data  sequences  is 
based  on  the  premise  that  such  data  are  adequate 
for  predictive  uses  if  (1)  the  synthetic  runoff 
data  are  comparable  to  the  actual  data,  (2)  the 
runoff-to-sediment  portion  of  the  model  is  physi- 
cally based,  and  (3)  the  synthetic  sediment  yield 
is  comparable  to  prototype  data. 

Log-normal  distributions  were  fitted  to  the 
synthetic  annual  runoff  and  sediment  data  gen- 
erated with  the  model.  A  plot  of  annual  runoff 
volumes  is  shown  in  figure  9  for  50-yr  sequences 
of  synthetic  data  on  each  of  the  two  watersheds 
used  in  this  study.  The  plotted  points  represent 
the  synthetic  runoff  data  and  the  line  is  a  log- 
normal  distribution  fitted  to  the  data.  A  similar 
plot  for  the  synthetic  annual  sediment-yield  data 
is  shown  in  figure  10. 

The  volumes  of  sediment  and  runoff  for  any 
probability  are  larger  for  the  larger  watershed. 
This  occurs  even  though  the  mean  annual  runoff 
(in  inches  from  the  watershed)  was  less  for  the 
larger  watershed.  The  two  theoretical  lines  di- 
verge for  the  sediment  data  at  the  extreme. 

Table  3  shows  the  variation  in  the  annual  run- 
off and  sediment  yield  for  various  return  peri- 
ods. The  annual  sediment-yield  data,  expressed 
in  inches,  from  the  watersheds  are  surprisingly 
similar  for  each  return  period,  although  the  run- 


offs differ.  The  similarity  may  indicate  that 
ephemeral  channels  such  as  the  Walnut  Gulch 
channel  react  dynamically,  adjusting  the  stream 
width  and  mean  sediment  size  to  maintain  a 
quasi-equilibrium.  Such  a  statement,  however, 
is  predicated  on  the  assumption  that  the  sediment 
size  remains  within  limits,  as  shown  in  figure  8 
and  as  used  in  the  synthetic  generation  scheme. 
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Figure  8. — Bed-material  size  distribution  variation 
above  flume  1  during  the  1970  summer  runoff  sea- 
son. 


Table  3. — Walnut  Gulch:  Return  periods  from  50-yr  synthetic  data  sets1 

Watershed  1  (57.7  mi2)  Watershed  6  (36.7  mi2) 

Return  Annual  Annual  Annual  Annual 

period  runoff  sediment  runoff  sediment 

(yr)  volume  yield  volume   yield 

Acre-ft    Inch     Acre-ft     Inch  Acre-ft    Inch      Acre-ft  Inch 

5  1,170  0.38  30  0.010  790  0.40  16  0.008 

10  1,600  .52  47  .015  1,160  .59  28  .014 

25  2,300  .75  76  .025  1,730  .88  51  .026 

50  2,800  .91  100  .033  2,300  1.17  75  .038 

1  Based  on  a  log-normal  distribution  for  annual  volumes. 
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RECOMMENDATIONS  FOR  FUTURE  WORK 


Although  we  believe  that  the  model,  tested  on 
a  single  catchment  containing  several  subwater- 
sheds,  is  applicable  to  semiarid  regions  in  the 
Southwest,  additional  work  is  needed  to  apply 
the  model  to  a  region.  A  regional  model  could  be 
tied  to  physical  and  climatic  characteristics,  al- 
lowing synthetic  runoff  generation  on  ungaged 
basins  where  thunderstorms  produce  the  princi- 
pal runoff. 

Because  the  sediment  transport  of  the  model 
appears  to  be  so  sensitive  to  the  size  distribution 
of  the  bed  alluvium,  efforts  need  to  be  directed  to 
quantifying  both  the  temporal  and  spatial  vari- 
ability of  the  bed  material  during  an  individual 
flow,  as  well  as  from  one  flow  to  another.  Slight 
changes  in  the  mean  grain  size  and  in  the  stand- 
ard deviation  when  using  a  log-normal  probabil- 
ity distribution  caused  major  changes  in  the 
concentration  predicted  with  the  Laursen  sedi- 
ment-transport relationship.  Such  changes  in  the 
bed-material  size  distribution  may  explain  the 
wide  variability  of  the  concentration  obtained  by 
field  sampling  and  may  allow  closer  agreement 
between  the  predicted  and  observed  data. 


Although  a  deterministic  scheme  was  used  to 
calculate  the  sediment  concentration,  it  may  be 
less  deterministic  than  the  runoff.  Work  is  an- 
ticipated to  let  the  mean  (n)  and  standard  devia- 
tion (<r)  have  the  characteristics  of  the  sampled 
bed  material  with  the  n  and  o-  values  randomly 
generated  or  related  to  the  characteristics  of  the 
storm.  Such  a  method  will  hopefully  more  ade- 
quately represent  the  prototype  than  the  con- 
stant values  used  herein. 

Subdivision  of  the  rectangular  cross  section 
into  a  shape  nearer  that  actually  encountered  in 
field  conditions  will  facilitate  quantifying  vari- 
ability of  the  flow  depth  and  thus  the  water 
velocity  and  particle  shear.  Such  an  effort,  how- 
ever, is  difficult  to  justify  except  at  low  dis- 
charges, since  samples  in  the  prototype  are  usu- 
ally collected  at  an  individual  location  in  the 
cross  section  because  of  the  rapid  changes  in  the 
flow  depth. 

The  sediment  transport  of  the  model  is  quite 
sensitive  to  the  roughness  value  used  in  the 
Manning  equation.  For  example,  reducing  the 
roughness  from  0.025  to  0.020  had  the  same  ef- 
fect on  the  predicted  sediment  concentration  as 
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Figure  9. — Log-normal  probability  distribution  for  the  synthetic  annual  runoff  data  from  a  50-yr  generated  sample 

at  two  Walnut  Gulch  watersheds. 
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Figure  10. — Log-normal  probability  distribution  for  the  synthetic  annual  sediment-yield  data  from  a  50-yr  generated 

sample  at  two  Walnut  Gulch  watersheds. 


reducing  the  mean  grain  size  from  1.50  to  1.20 
mm.  Again,  because  of  the  difficulty  of  field  veri- 
fication, a  numerical  value  for  this  parameter  is 
difficult  to  obtain.  Limited  data  in  an  instru- 
mented channel  reach  revealed  highly  variable 
roughness  values  on  the  hydrograph  rise  because 
of  the  variability  of  transmission  losses,  which 
may  absorb  most  of  the  rising  portion  of  the  hy- 
drograph in  a  dry  channel.  At  larger  discharges, 
overriding  waves  tend  to  reduce  the  roughness 
and  produce  an  artificially  low  roughness.  Gross 
answers  between  tandem  gaging  stations  indi- 
cate values  approximating  those  used  in  this  re- 
port, although  the  value  at  lower  discharges  is 
probably  higher  than  the  value  used  here.  Again, 


braided  flow  and  irregular  cross  sections  make 
field  observations  difficult. 

The  runoff  data  of  Walnut  Gulch,  which  pro- 
vided the  numerical  values  used  in  the  stochastic 
runoff  model,  are  being  retabulated.  Eccentrici- 
ties in  the  approach  channel  that  are  not  time  in- 
variant have  been  modeled  in  a  hydraulic  labora- 
tory. The  results  are  being  used  to  develop  new 
prototype  depth-discharge  relationships.  Thus, 
the  mean  and  standard  deviation  in  the  normal 
distribution  used  to  simulate  the  individual  run- 
off event  volume  may  change  with  the  new  infor- 
mation, although  the  changes  are  expected  to  be 
small  compared  to  other  assumptions  used. 
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WATERSHED  SEDIMENT  YIELD— 
A  STOCHASTIC  APPROACH 

By  D.  A.  Woolhiser  and  P.  H.  Blinco- 

INTRODUCTION 


Sediment  yield  has  been  defined  as  "the  total 
sediment  outflow  from  a  watershed  or  drainage 
basin,  measurable  at  a  point  of  reference  and  in 
a  specified  period  of  time"  (1 )  .3  Estimates  of 
watershed  sediment  yield  are  required  for  de- 
signing dams,  debris  basins,  canals  and  other 
structures,  and  for  evaluating  certain  land-man- 
agement practices.  The  recent  interest  in  sedi- 
ment as  a  pollutant  or  carrier  of  pollutants  such 
as  radioactive  materials,  pesticides,  and  nutri- 
ents has  reemphasized  the  importance  of  sedi- 
ment-yield estimates.  In  all  of  these  applications, 
the  variation  of  sediment  yield  from  year  to  year 
as  well  as  the  mean  annual  yield  may  be  impor- 
tant. If  we  had  long  records  of  sediment  yield, 
the  annual  variability  could  be  easily  evaluated. 
Unfortunately,  records  of  sediment  yield  either 
are  not  available  or  are  much  shorter  than  rec- 
ords of  streamflow  or  rainfall.  In  these  circum- 
stances we  can  use  existing  data  more  efficiently 
by  constructing  formal  stochastic  models  of  sedi- 
ment yield  that  have  structures  dependent  upon 
the  runoff  process,  the  rainfall  process  and  other 
factors  governing  detachment,  entrainment, 
transport,  and  deposition  of  sediment.  Such 
models  will  provide  a  framework  for  analysis  of 
existing  short  records  of  sediment  yield  and  the 
parameters  of  these  models  may  be  regionalized. 

According  to  Parzen  (8) ,  a  stochastic  process 
is  the  dynamic  part  of  probability  theory  and  we 

1  Cooperative  research  of  the  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  and  Colorado 
State  University  Experiment  Station. 

2  Research  hydraulic  engineers,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Fort  Collins, 
Colo.  80521. 

3  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 
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observe  a  stochastic  process  whenever  we  ex- 
amine a  process  developing  in  time  in  a  manner 
controlled  by  probabilistic  laws.  From  this  in- 
formal definition,  it  is  clear  that  sediment  yield 
can  be  treated  as  a  stochastic  process.  However, 
in  practice  we  have  been  concerned  primarily 
with  expected  values,  such  as  mean  annual  sedi- 
ment yield  or  the  expected  yield  in  T  years. 
Krumbein  (2)  described  three  stages  of  statis- 
tical development  in  sedimentology:  descriptive 
statistics,  analytical  statistics,  and  application 
of  stochastic  process  models.  In  descriptive  sta- 
tistics, the  sample  is  of  primary  interest;  in  an- 
alytical statistics,  the  sample  is  important  only 
for  the  information  it  contains  concerning  the 
population  of  interest.  Analytical  statistics  in- 
volves the  construction  of  formal  statistical 
models  in  experimental  design,  and  statistical  in- 
ference in  analysis  and  interpretation.  In  the 
third  stage,  the  application  of  stochastic  proc- 
esses, formal  models  are  constructed  that  de- 
scribe the  chance  mechanisms  involved  in  the 
phenomena.  The  stochastic  model  may  include 
deterministic  components  developed  from  basic 
physical  considerations.  In  such  cases,  the  model 
parameters  are  more  likely  to  have  some  physical 
meaning.  A  review  of  the  literature  on  sediment 
yield  indicates  that  most  of  the  recent  work  is 
included  in  the  second  stage  of  statistical  devel- 
opment (6, 9, 11, 1A) ;  only  recently  have  stochas- 
tic models  been  considered  (5,15) . 

The  purpose  of  this  paper  is  to  develop  some 
preliminary  models  of  sediment  yield  as  a  sto- 
chastic process  and  to  demonstrate  possible  ad- 
vantages of  this  approach  over  presently  used 
methods. 

I 


PHENOMONOLOGICAL  DESCRIPTION  OF  SEDIMENT  YIELD 


Consider  the  general  distributed  model  of  a 
watershed  as  portrayed  by  figure  1.  This  open 
system  is  bounded  by  impervious  rock  on  the  bot- 
tom, by  imaginary  surface  S  on  the  sides,  and  by 
imaginary  surface  A  on  top.  Input  to  the  system 
consists  of  precipitation  flux  through  surface  A, 
which  we  can  designate  as  the  stochastic  process 
ii(x,y,t).  Output  from  the  system  includes 
evapotranspiration  %2(x,y,t),  porous  media  flow 
through  surface  S,-q(x,y,z,t) ,  and  surface 
streamflow  which  can  be  considered  as  the  point 
process  Ci  (t) . 

Water  erosion  is  initiated  in  several  ways.  Soil 
particles  may  be  detached  by  raindrop  impact  or 
by  the  hydrodynamic  forces  of  overland  and 
channel  flow.  In  cold  climates,  alternate  freezing 
and  thawing  in  combination  with  melting  snow 
may  be  an  important  mechanism.  Except  for 
gravitational  effects  (creep  or  soil  splash,  for 
example),  appreciable  amounts  of  soil  can  be 
moved  only  if  the  rainfall  intensity  (or  snowmelt 
rate)  exceeds  the  infiltration  rate  of  the  soil, 
and  surface  runoff  occurs.  As  the  overland  flow 
proceeds  downslope,  additional  soil  particles  may 
be  entrained  if  the  transport  capacity  exceeds 
the  sediment  load,  or  some  of  the  load  may  be  de- 
posited if  the  landslope  becomes  flatter  or  vege- 
tation becomes  denser.  The  overland  flow  with 
its  load  of  sediment  eventually  enters  a  well- 
defined  channel.  At  some  cross  section  of  the 
channel  we  can  consider  the  sediment  transport 
process  as  the  point  process  \  £«(t)  ,teT\  where 
'Cz{t)  is  the  transport  rate  in  any  appropriate 
units  and  T=\  £_>,  0  \.  The  sediment-yield  process 
Y2  (t)  can  then  be  expressed  as 

Yz(t)  =  I     Us)ds.  (1) 
*o 

A  typical  sample  function  of  the  sediment- 
transport  process  and  the  sediment-yield  process 
is  shown  in  figure  2.  Sediment  transport  and 
yield  from  a  small  watershed  drained  by  an 
ephemeral  stream  would  be  similar  to  the  sample 
functions  in  the  figure,  while  transport  from  a 
large  river  would  be  continuous  rather  than  in- 
termittent. 

In  the  design  of  reservoirs  with  high  trap  effi- 
ciencies, we  would  be  interested  in  the  distribu- 
tion of  sediment  yield  in  time  t: 


Ft{y)=P\Y2{t)  <y\.  (2) 

Let  T(y)  be  the  minimum  time  required  for 
the  accumulated  sediment  yield  to  equal  or  ex- 
ceed the  amount  y,  or 

T{y)=*mf\t,Y2{t)  >y\,  (3) 

which  may  be  called  the  first-passage  time. 

The  distribution  function  for  the  f irst-passage 
time  is 

Gy{t)=P\T(y)<t\.  (4) 

Now,  because  Y~{t)  represents  a  stochastic 
process  of  nondecreasing  sample  functions 
P\T{y)>t  \=P\  Y2  (t)  <jy },  it  follows  that 

Gy{t)  =1—Ft(y).  (5) 

The  distribution  function  for  sediment  yield 
in  time  t  and  the  distribution  function  of  the 
first-passage  time  of  accumulated  sediment  yield 
may  be  useful  in  evaluating  risks  involved  in  de- 
sign of  sediment  pools  in  reservoirs.  If  the  trap 

2 

e,  (  x,y,t) 
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Figure  1. — Watershed-stochastic  processes. 
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efficiency  of  the  reservoir  remains  constant  dur- 
ing the  period  of  interest,  the  sediment  accumu- 


SEDIMENT   TRANSPORT    t  (O 

5  2 

SEDIMENT   YIELD      Y,  (  t ) 


T  (  y) 


TIME  (t) 

Figure  2. — Sample  functions  of  the  sediment-transport 
process  'C2(t)  and  sediment-yield  process  Y2(t). 


lation  is  related  to  sediment  yield  rather  directly. 
If  the  trap  efficiency  is  affected  by  sediment 
accumulation,  sediment  yield  could  be  treated  as 
a  sum  of  finite  period  accumulations  where  the 
trap  efficiency  remains  constant  within  a  period 
but  changes  instantaneously  at  the  end  of  each 
period. 

It  is  obvious  that  the  sediment-yield  process  is 
highly  dependent  upon  runoff,  which  is  in  turn 
dependent  upon  precipitation.  It  is  also  evident 
that  both  runoff  and  sediment  yield  are  influ- 
enced by  vegetation,  soil,  and  geomorphological 
characteristics  of  a  watershed. 

The  expressions  in  equations  1  through  5  apply 
to  any  situation.  To  develop  useful  descriptions 
of  sediment  yield,  however,  we  must  construct 
models  describing  the  relationships  between 
rainfall,  onsite  erosion,  and  sediment  yield  at  the 
mouth  of  the  watershed. 


SOME  ALTERNATIVE  SEDIMENT-YIELD  MODELS 


The  universal  soil  loss  equation  (13)  was  de- 
veloped from  statistical  analyses  of  more  than 
10,000  plot-years  of  basic  runoff  and  erosion 
data.  Consequently,  the  factors  that  have  been 
shown  to  be  important  in  predicting  the  mean 
annual  erosion  loss  (which  is  the  expected  value 
of  sediment  yield  for  1  yr  for  a  plot  or  field) 
should  be  considered  in  any  stochastic  sediment 
yield  model.  The  factors  involved  in  the  universal 
soil  loss  equation  are  erosive  potential  of  local 
rainfall;  erodibility  potential  of  specific  soil; 
slope  length;  degree  of  slope;  cover,  crop  se- 
quence, and  management;  and  conservation 
practices.  Of  these  factors,  rainfall  erosive  po- 
tential, soil  erodibility,  and  cover  are  random 
variables  for  individual  storms;  all  will  vary  in 
time  and  in  space  for  areas  larger  than  individ- 
ual fields. 

Let  us  assume  that  all  temporal  variations  can 
be  handled  by  considering  a  season  length  such 
that  the  parameters  of  the  stochastic  processes 
involved  can  be  considered  constant.  The  com- 
plexity of  the  sediment-yield  model  will  then  be 
dependent  upon  the  amount  of  spatial  variability 
we  wish  to  consider.  Three  degrees  of  spatial 
variation  are  shown  as  cases  1-3  in  table  1.  Case 
1  corresponds  to  sediment  yield  from  a  small  ero- 
sion plot  and  is  by  far  the  simplest  case.  We  shall 
first  consider  some  of  the  approaches  that  might 


be  used  for  this  special  case,  and  then  consider 
possible  extensions  to  more  difficult  cases. 

If  expressions  for  Ft  (y)  can  be  obtained  for 
each  season,  the  distribution  function  for  the 
sum  of  sediment  yields  for  n  seasons  can  be  ob- 
tained by  convolution,  provided  that  we  can  as- 
sume independence.  Thus  if  we  let  FYi  (y)  be  the 
distribution  function  of  sediment  yield  for  the 
ith  season,  the  distribution  for  the  total  yield  for 
the  first  two  seasons  is 


•oo 


Fy1+f2(z) 


FYi(z-y)dFy2  (y). 


Sediment  Yield  From  a  Plot 

Consider  the  standard  fallow  plot  used  by 
Wischmeier  and  Smith  (12)  in  developing  the 
universal  soil  loss  equation.  It  is  72.6  ft  long  with 
a  slope  of  9  pet,  and  is  tilled  in  the  direction  of  the 
maximum  slope.  We  will  be  concerned  with  the 
three  stochastic  processes  £x  (t) ,  fi  (t) ,  and  c2  (t) , 
which  represent  the  rainfall  rate,  runoff  rate, 
and  sediment-transport  rate,  respectively.  Sam- 
ple functions  of  these  processes  are  shown  in  fig- 
ure 3.  In  the  following,  our  notation  will  conform 
as  closely  as  possible  to  that  used  by  Woolhiser 
and  Todorovic  (15).  We  shall  define  a  "rainfall 
event"  as  any  continuous  period  of  rainfall  (i.e., 
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Table  1. — Characteristics  of  sediment  yield  models 


Sediment  yield 
variables 


Case  1: 
Very  small 
watershed 
(plot) 


Case  2: 
Small  watershed 
(field) 


Case  3: 
Large  watershed 


Uniform  Uniform- 


Rainfall  erosive 

potential. 

Soil  erodibility  do 

Slope  length  do 

Degree  of  slope  do 

Cover,  management  do 

Conservation  ... .do 

practices. 

Characterstic  Minutes  Hours 

runoff  response 
time. 


Spatially  varied- 

....do  

----do  

Uniform  

....do  


Spatially  varied. 

Do. 
Do. 
Do. 
Do. 
Do. 

Days. 


RAINFALL    £   (  t  ) 
Runoff    £.  (t) 

SEDIMENT   TRANSPORT  £  (t) 


Figure  3. — Sample  functions  of  the  processes  £t(t), 
^(O.and  £2(*). 


li(£)>0).  A  runoff  event  is  any  continuous  pe- 
riod of  surface  runoff,  and  we  assume  that  a 
sediment  yield  event  is  associated  with  each  run- 
off event. 

Associated  with  the  vth  rainfall  event  is  the 
time  of  ending  TV1',  the  total  volume  of  rainfall 
Xvn),  the  total  kinetic  energy  of  the  rainfall  Ev, 
and  the  maximum  30-min  intensity  /v.  Similarly, 
7V2)  refers  to  the  time  of  ending  of  the  vth  sedi- 
ment-yield event  and  runoff  event  and  the  vol- 
umes of  runoff  and  the  sediment  yield  are  desig- 
nated Yvm  and  Yv(2).  By  definition 


.2V1' 


£,  (s)ds. 


(6) 


7v<2>  = 


.7V2) 

Ty(-> 


d(s)ds. 


(7) 


£2(s)ds. 


(8) 


The  total  sediment  yield  in  the  time  interval 
(0,t]  can  be  expressed  exactly  as  the  stochastic 
integral  of  equation  1,  or  may  be  approximated 
by  the  sum 


N2(t) 
v  =  0 


(9) 


where  N2(t)  is  the  number  of  complete  sediment 
yield  events  in  (0,t].  Because  sediment-yield 
events  from  erosion  plots  are  of  relatively  short 
duration,  the  probability  of  having  £2  (s)  >0  for 


Se(TN2 


(2) 


t]  is  rather  small,  so  equation  9  is  a 


good  approximation  of  equation  1  for  t  in  the 
order  of  weeks.  If  we  assume  that  the  number  of 
sediment  events  in  (0,f]  is  independent  of  the 
magnitude  of  the  events,  the  distribution  of  sedi- 
ment yield  in  (0,t]  can  be  written 

oo 

Ft{y)=P\Y2{t)<y\=P\N2{t)=0\  +  £ 

v  =  l 

P\Zv<y\P\N2(t)=v\,  (10) 
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where 


Zv=  Z  Yl 

i  =  i 


(2) 


The  mean  and  variance  are  given  by  the  fol- 
lowing well-known  expressions  (8): 

E\Y2{t)\=E\N2(t)\E\Y™\  (11) 

Var<jF2(£)  \=E\N2(t)  \  Vax\Y™\ 

+Var-{Nz(t)  \-E2-{Y^}.  (12) 

From  equation  10  we  see  that  we  must  develop 
an  expression  for  the  sediment-yield  counting 
process  N2  (t)  and  the  distribution  of  the  sum  of 
v  sediment-yield  events  in  order  to  specify  the 
distribution  of  sediment  yield. 

Although  he  used  a  different  definition  of 
rainfall  events  than  we  use,  Wischmeier  (11) 
found  that  the  sediment  yield  per  event  is  highly 
correlated  with  the  product  of  total  rainfall 
kinetic  energy  and  maximum  30-min  intensity 
for  storms  greater  than  0.5  inch.  This  suggests 
that  the  sediment  yield  per  storm  can  be  ex- 
pressed as  the  sum  of  two  random  variables: 


Yv^=K(EvIv—m) 
+£vYv<=>>0, 


(13) 


where  ev  is  an  independent,  normally  distributed 
random  variable  with  mean  zero  and  variance  a2. 

Equation  13  suggests  that  there  exists  some 
threshold  level  of  the  product  EI  below  which  no 
erosion  occurs.  Let  us  suppose  for  example  that 
Evlv  is  an  independent,  identically  distributed 
random  variable  with  exponential  distribution 
function 

FEI(x)=P\EI<x\=l— e  ^,.t>0.  (14) 

Given  the  relationships  of  equations  13  and  14, 
we  wish  to  find  the  density  function  of  Y<2). 
First  define  the  random  variable  Xr: 


The  joint  density  is 

fx1,Ei{x1,x2)  =/x1  (x1\EI=x2)  fEi(x2),  (16) 

where  fEI(x,)=^L^FEI(x^)  and  /A-  (x^E^x,) 
dx2 

is  the  conditional  density  function,  which  from 
our  earlier  assumption  of  independence  and  nor- 
mality can  be  expressed  as 


fXl(xl\EI=x2) 


exp 


i_(x1+KmKx1 ) ,  [.;_00<a.i<00.  (17) 

y2or 

The  joint  density  function  can  thus  be  written 


as 


fx,,EI  (Xt,X2) 


exp 


\  —  ( X*+K™   Kx* ) 2  -x  exp  j  —Xx2 1  (18) 

y2<r 

The  marginal  density  function  of  #i  can  be  ob- 
tained by  integrating  the  joint  density  function: 

fx  (xi)  =  J    fx1,Ei(x1,x2)dx2.  (19) 
0 

The  marginal  density  function  of  sediment 

yield  gY(y)   can  be  obtained  by  truncating 

fx  (£:) : 
1 


fx  (y) 


9r(y) 


00 


;0<i/<oo.  (20) 


fXl  (x1)dx1 


After  some  algebraic  manipulation,  the  mar- 
ginal density  function  of  x1  can  be  written 


X,=K(EvIv— w)+ev 
— oo<X,<oo. 


(15) 


fx  (x1)  =-A-  exp  i  _L  {—x^Km) 


Let  the  joint  density  function  of  Xx  and  the 
product  of  kinetic  energy  and  maximum  30-min 
intensity  be  designated  as  fXl,  ei  (xlfx2)  . 


-H—  Km^a-X/K— x,)2\ J     exp<i—  z-\dz,  (21) 

c(x.) 
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where  c(Xi) 


~V2Kc 


( — K2m-\-<r\ — Kx-i) 


The  density  function  gY(y)  can  be  readily  ob- 
tained by  numerical  methods  utilizing  equations 
20  and  21. 

Of  the  four  parameters  in  equation  21,  the 
parameter  A  is  related  to  the  distribution  of  EI 
while  a,  K,  and  m  can  be  approximated  from  a 
regression  of  Y  on  EI.  Some  sample  density  func- 
tions for  gY  (y)  are  shown  in  figure  4.  It  is  worth 
noting  that  when  the  lower  limit  of  integration 
c(x1)  approaches  — V2,  the  integral 


oo 


e  z  dz 


c(x1) 


becomes  nearly  constant;  thus  gY  (y)  approaches 
an  exponential  distribution  with  parameter  X/K. 
Note  that  the  density  function  with  parameters 
X=0.1,  A=0.05,  m=15  and  <j=1  in  figure  4 
very  nearly  coincides  with  an  exponential  distri- 
bution with  parameter  X/K. 

Referring  to  equation  10,  the  distribution 
function  for  the  sum  of  v  independent,  sediment- 
yield  events  distributed  as  gY(y)  can  be  ex- 
pressed as 


where  gY(y)  v  indicates  the  vth  convolution  of 
gY(y)  with  itself. 

If,  as  in  some  of  the  examples,  gY(y)  is  ex- 
ponential, then  the  vth  convolution  of  gY(y)  is  a 
gamma  distribution: 

v  — l  —  Xz 
"*  z  e 

gr(y)   =/z(2)=a" — — . 

The  sediment  yield  event-counting  process  in 
equation  10,  N2(t) ,  is  defined  as 


N2(t)  =  suv-\v,Tv^<ty,t>0. 


(23) 


Under  certain  assumptions  the  rainfall-count- 
ing process  can  be  described  by  the  time-depend- 
ent (nonhomogeneous)  Poisson  process  (10).  If 
runoff  and  sediment-yield  events  were  chosen  at 
random  from  rainfall  events,  the  process  N2(t) 
would  also  be  Poissonian 

P^N2(t)  =n[=  exp  \—A2(t)  HA»(f)  \"/nl,  (24) 

where  A2(£)  is  the  expected  value  function  de- 
fined as 


A2(t) 


X2(s)ds, 


Fv{z)=P\Zv<z\=\    gY(y)    dy,  (22) 
J0 


where  X2(s)  is  the  intensity  function.  Because 
we  are  considering  seasons,  X2  (s)  can  be  consid- 
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ered  constant.  Utilizing  equations  22,  24,  and  10 
we  obtain  the  expression  for  the  distribution 
function  of  sediment  yield  in  (0,i]  : 


CO 

Ft(Y)  =  exp«{— A^H-E  e 


9y(v)  dy. 


My 


(25) 


Woolhiser  and  Todorovic  (15)  demonstrated 
that  the  above  formulation  of  the  sediment-yield 
counting  process  corresponds  to  either  a  con- 
stant or  random  threshold  model  for  runoff. 
They  proposed  two  alternatives:  the  general 
threshold  model  and  the  infiltration  model,  but 
could  not  obtain  analytical  results  for  the  count- 
ing process  N2(t).  However,  they  proposed  an 
approximation  whereby  runoff  events  are  se- 
lected from  rainfall  events  by  a  binomial  process 
with  parameter  -  which  is  itself  beta-distributed. 
Under  these  assumptions  they  derived  the  fol- 
lowing expression  for  the  counting  process: 

CO 

Pi N2  (£)  =v  [=  exp  (— Aii)  £  M)n 


Ln — v 


n 


(26) 


They  pointed  out  that  the  parameters  a  and  /3 
may  be  related  to  soil  properties  because  as 
P->— 1,  E\N2{t)  \-^E\Nx(t)  \  or  the  watershed 
is  impervious;  as  p-+u>,E\N«{t)  f-^0  and  no  run- 
off occurs.  Woolhiser  and  Todorovic  (15)  found 
that  the  counting  process  given  by  equation  26 
gave  a  much  better  fit  to  data  from  two  small 
watersheds  near  Hastings,  Nebr.,  than  did  the 
Poisson  process. 

The  set  of  hypotheses  concerning  the  plot  ero- 
sion process  embodied  in  equation  10  and  the 
more  restrictive  expression  of  equation  25  must 
be  tested  with  field  data  before  they  can  be  ac- 
cepted. It  appears  desirable  to  work  with  fallow 
plots  first.  If  the  stochastic  model  can  describe 
erosion  satisfactorily  for  this  case,  attempts 
should  be  made  to  extend  it  to  cropped  plots. 


Sediment  Yield  From  a  Small  Watershed 

We  will  now  consider  the  more  complicated 
situation  of  case  2  in  table  1.  This  corresponds 
to  a  watershed  on  the  order  of  a  few  acres  in  size. 
The  rainfall  erosive  potential,  the  cover  and 
management,  and  the  conservation  practices  are 
uniform,  but  the  other  factors  affecting  soil  loss 
vary  from  point  to  point  within  the  watershed. 
Because  this  problem  is  very  complex,  a  great 
deal  of  simplification  is  required  to  construct  a 
model.  Consider  the  schematic  drawing  of  the 
very  small  watershed  in  figure  5.  We  assume  that 
the  watershed  boundary  lies  within  the  field 
boundaries  and  that  there  is  a  definite  drainage 
pattern.  Each  point  within  the  watershed  is 
characterized  by  its  translation  time  t  to  the  out- 
let. Although  translation  time  is  dependent  on 
runoff  rates,  we  will  consider  it  at  some  charac- 
teristic runoff  rate  and  ignore  the  variability. 
The  locus  of  all  points  on  the  watershed  with  the 
same  translation  time  is  called  an  isochrone.  The 
length  of  the  isochrone  is  dA/d-  when  A  is  sur- 
face area.  Let  sr(r)  be  the  average  weight  of  soil 
eroded  per  unit  area  along  an  isochrone  during 
the  vth  event.  Finally  let  p  (r)  be  the  probability 
that  a  soil  particle  eroded  along  an  isochrone  will 
reach  the  mouth  of  the  watershed  during  the 
same  event.  The  total  erosion  during  the  vth 
event  is  then 


.00 


f  »  dA  , 
sv(t)  -j-d-, 


(27) 


The  expected  sediment  yield  is 
-co 

Yv<»-  /  p(r)sv(r)^dr. 


(28) 


For  an  elementary  example,  let  us  suppose  that 
dA/dr,  sv(t)  and  p(r)  are  the  functions  shown 
in  figure  6.  Thus, 


^=t,0<t<1 
dr 

and  Sv(t)=t  0<t<1, 

where  sm=K  (Eh — m)  +ev 


(29) 
(30) 
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and  P(t)=1— r,0  <t  <1.  (31) 
Thus  the  sediment  yield  from  the  vth  event  is 

Yv<2>=  /     [K(EIv— m)+£v]r2(l— t)  dr 
0 

=^[K(EIv-m)+ev]  (32) 
and  the  total  erosion  is 

Zv(2)=  /  [K(EIv—m)-j-svy-dr 
o 

=  %  [K  (Eh—m)  +ev].  (33) 

The  sediment  delivery  ratio  Yvl2)/Xvi2)  is  then 
equal  to  1/4. 

From  an  examination  of  equation  33  we  see 
that  as  a  consequence  of  our  assumptions,  the 
sediment  yield  per  event  for  a  fallow  field  can 
be  expressed  as  the  product  of  a  constant  and  the 
sediment  yield  for  a  standard  fallow  plot.  This 
constant  depends  on  the  watershed  geometry 
and  the  soil  variation  on  the  watershed,  which 
are  described  by  the  functions  dA/d-,  sv(r) ,  and 
p  (t)  .  The  function  dA/d-  can  be  obtained  fairly 
easily  by  choosing  a  steady-state  discharge  per 
unit  area  and  estimating  channel  and  overland 


Figure  5. — Definition  sketch — small  watershed. 


Figure  6.— Simplified  form  of  p(T),  SV(T),  and  dA/dT, 
.  for  example. 

flow  velocities.  The  functions  sv(r)  and  ?j(t) 
can  be  evaluated  by  sampling  experiments,  using 
the  mathematical  model  of  soil  erosion  described 
by  Meyer  and  Wischmeier  (-4) .  If,  as  in  the  ex- 
ample, the  functional  form  of  sv(-r)  remains  con- 
stant from  event  to  event  but  one  parameter  is  a 
random  variable  (s,„  in  the  example)  it  seems 
quite  likely  that  analytical  results  can  be  ob- 
tained for  the  distribution  of  sediment  yield  per 
event.  Utilizing  equation  10,  the  distribution 
function  of  sediment  yield  per  season  could  be 
obtained  either  analytically  or  by  numerical 
methods,  depending  upon  the  complexity  of  the 
counting  process  and  the  distribution  of  sm. 

Sediment  Yield  From  a  Large  Watershed 

If  we  consider  the  characteristics  of  large  wa- 
tersheds shown  in  table  1,  we  see  that  all  of  the 
factors  affecting  sediment  yield  have  significant 
spatial  variations  and  that  the  characteristic 
runoff  response  time  is  in  the  order  of  days. 
Streamf  low  and  sediment  transport  at  the  mouth 
of  the  watershed  may  occur  continuously,  but 
surface  runoff  and  erosion  within  the  watershed 
will  be  intermittent.  McGuinness,  Harrold,  and 
Edwards  (3)  have  shown  that  substantial  dif- 
ferences exist  between  the  temporal  patterns  of 
sediment  yield  from  1-  to  2-acre  watersheds  as 
compared  with  the  suspended-sediment  yield  of 
a  6,000-mi2  watershed.  Monthly  sediment  yield 
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from  the  small  watersheds  correlated  well  with 
the  product  of  EI  and  a  cover  factor,  whereas 
monthly  suspended  sediment  transport  from  the 
6,000-mi2  watershed  was  correlated  with  the  riv- 
er flow  and  was  unrelated  to  the  precipitation 
pattern.  This  observation  suggests  that  in  cli- 
mates similar  to  Ohio,  much  of  the  sediment 
eroded  from  upland  watersheds  during  locally  in- 
tense summer  rainstorms  is  deposited  in  the 
major  channel  system  where  it  is  subsequently 
eroded  by  increasing  discharges  of  late  winter 
and  spring. 

Because  of  the  complexity  of  the  problem  and 
the  present  primitive  state  of  the  art  in  applying 
formal  stochastic  models  to  sediment  yield,  we 
believe  that  it  is  premature  to  consider  possible 
models  for  sediment  yield  from  large  water- 
sheds. Such  formulations  should  await  success  in 
describing  the  stochastic  structure  of  sediment 
yield  from  plots  and  small  watersheds.  (We 
agree  with  the  admonition  that  if  you  can't  solve 
a  simple  problem,  it  is  very  unlikely  that  you  can 
solve  a  more  complex  problem.)  The  problem  of 
complexity  can  be  dealt  with  in  two  ways:  by 
highly  simplifying  the  sediment  yield  process  or 


by  abandoning  the  analytic  approach  and  using 
a  computer  simulation. 

Murota  and  Hashino  (5)  developed  a  stochas- 
tic model  of  transported  sediment  for  the  Arita 
River  in  Japan.  This  model  included  the  follow- 
ing components:  (1)  a  stochastic  model  of  daily 
rainfall  with  seasonally  varying  parameters;  (2) 
a  deterministic  relationship  between  rainfall  and 
runoff;  (3)  a  unit  hydrograph  procedure  to  dis- 
tribute runoff  amounts  in  time;  and  (4)  Brown's 
sediment-discharge  formula  to  compute  sedi- 
ment-transport rates  from  stream-discharge 
rates.  Although  highly  simplified,  their  model  re- 
quired a  numerical  solution  on  a  computer  to  ob- 
tain the  distribution  of  sediment  yields.  It  ap- 
pears that  the  time  pattern  of  sediment  yield  in 
this  model  would  correspond  closely  to  the  time 
pattern  of  runoff  as  observed  by  McGuinness 
et  ah,  provided  the  rainfall-runoff  relationship 
changed  with  seasons. 

The  simulation  approach  is  exemplified  by  the 
work  done  at  Stanford  University  (see  for  ex- 
ample, Negev,  7).  Because  the  simulation  ap- 
proach will  be  discussed  by  other  papers  in  this 
workshop,  we  only  mention  it. 


SUMMARY  AND  DISCUSSION 


The  sediment-yield  process,  from  an  erosion 
plot,  a  field,  or  a  watershed,  is  stochastic  in  the 
sense  that  we  can  make  only  probabilistic  state- 
ments regarding  future  sediment  yield.  Although 
the  stochastic  nature  of  sediment  yield  has  been 
recognized  implicitly  for  a  long  time,  in  practice 
we  have  been  concerned  primarily  with  expected 
values;  mean  annual  sediment  yield  or  the  ex- 
pected yield  in  T  yr. 

The  useful  life  of  sediment-detention  struc- 
tures and  reservoirs  is  a  random  variable  de- 
pendent upon  sediment  yield  and  reservoir  trap 
efficiency.  The  distribution  of  reservoir  life  can 
be  an  important  consideration  in  design.  Some 
idea  of  the  variability  of  sediment  yield  is  also 
required  if  we  wish  to  ask  the  question,  "What  is 
the  probability  that  an  observed  amount  of  sedi- 
ment could  have  accumulated  in  a  reservoir  if  the 


expected  value  is  E\  Y2(t)  [■?"  If  the  observed 
value  has  a  very  low  probability  of  occurrence, 
we  may  wish  to  modify  our  estimate  of  E\  Y2(t)  J- 
for  the  region. 

In  this  paper  we  have  developed  mathematical 
expressions  for  the  distribution  function  of  sedi- 
ment yield  Ff(y)  for  a  standard  fallow  erosion 
plot  and  a  fallow  field.  These  models  consist  of  a 
set  of  hypotheses  regarding  the  process  of  de- 
tachment, entrainment,  transport,  and  deposi- 
tion of  sediment.  These  hypotheses  must  be 
tested  with  field  data,  although  experiments 
utilizing  deterministic  mathematical  erosion 
models  may  also  be  useful. 

Because  of  the  complexity  of  the  problem,  re- 
search on  stochastic  models  of  sediment  yield 
should  progress  from  plots  to  fields  to  small  wa- 
tersheds. 
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SEDIMENT  EROSION-TRANSPORT- DEPOSITION 
SIMULATION:  STATE  OF  THE  ART 

By  George  Fleming1 

INTRODUCTION 


The  term  "simulation"  is  defined  in  this  paper 
as  the  development  of  mathematical  models  to 
represent  the  time-variant  interaction  of  physi- 
cal processes  (7). 2  A  question  often  posed  is, 
"Why  the  need  for  simulation?"  The  simple  an- 
swer is  that  we  need  to  integrate  the  component 
theories  affecting  watershed  response  in  order  to 
realistically  take  account  of  the  complex  interre- 
lationship among  processes  that  are  the  cause  of 
that  response.  Simulation  is  a  tool  by  which  the 
building  blocks  of  component  hydrological  and 
sediment  theory  can  be  combined  into  a  structure 
logically  representing  the  concepts  of  both  the 
hydrological  cycle  and  the  sediment  erosion- 
transport-deposition  chain. 

Consider  the  problem  of  water  resources  as- 
sessment to  meet  the  requirements  imposed  by 
man.  A  schematic  representation  of  the  problem 
is  shown  on  figure  1.  On  the  one  side  is  the  prob- 
lem of  assessing  the  range  in  magnitude  of  the 
various  hydrological,  sediment  erosion-trans- 
port-deposition, and  water-quality  processes. 
The  ability  to  simulate  the  hydrological  processes 
is  prerequisite  before  it  is  possible  to  simulate 
the  sediment  or  water-quality  processes.  On  the 
other  side  are  the  social-political-economic  condi- 
tions that,  acting  together,  result  in  water-re- 
sources requirements.  Planning  involves  making 
the  optimum  policy  decision  on  future  projects  to 
satisfy  these  demands,  based  on  a  knowledge  of 
the  magnitude  and  range  of  resources  available. 

The  initial  step  in  assessment  is  the  analysis  of 
available  data.  These  data  take  the  form  of  in- 
puts to  and  outputs  from  the  study  watershed. 


1  Lecturer,  Strathclyde  University,  Glasgow,  Scotland; 
vice  president,  Hydrocomp  International,  Palo  Alto, 
Calif.,  and  Glasgow. 

2  Italic  numbers  in  parentheses  refer  to  items  in  "Lit- 
erature Cited"  at  the  end  of  this  paper. 
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Methods  of  analysis  have  been  developed  which 
can  be  generally  classed  under  the  heading 
"mathematical  models."  A  mathematical  model 
is  defined  as  an  abstract  system  interrelating  in 
a  given  time  reference  a  sample  of  input;  cause 
or  stimulus  of  matter,  energy,  or  information; 
and  a  sample  of  output,  effect  or  response  of  in- 
formation, energy  or  matter.  Figure  2  shows  the 
mathematical  model  concept.  Simulation  is  one 
form  of  mathematical  modeling.  It  is  a  determin- 
istic method  of  analysis  and  is  shown  schematic- 
ally along  with  other  techniques  in  figure  3. 
These  methods  generally  fall  into  two  groups: 
optimization  methods  and  nonoptimization 
methods.  The  optimization  methods  of  mathe- 
matical modeling  are  concerned  with  the  se- 
lection of  the  best  set  of  conditions  to  satisfy 
a  set  of  objectives  for  a  given  set  of  con- 
straints. Nonoptimization  methods  in  mathe- 
matical modeling  consist  of  the  technique  where 
the  response  of  a  system  is  analyzed  for  par- 
ticular sets  of  data.  As  reported  by  Dooge  (8) 
the  analysis  problem  involves  three  parts  (table 
1 ) .  The  nonoptimization  methods  involve  one  or 
another  of  these  problems.  Included  in  the  group 
of  nonoptimization  methods  are  the  determinis- 
tic and  statistical  methods  of  analysis. 

In  any  state-of-the-art  review  of  sediment  ero- 
sion-transport-deposition simulation,  it  is  neces- 
sary to  consider  the  subdivisions  in  the  above 
methods  in  order  to  avoid  confusion  in  termin- 
ology. The  deterministic  techniques  fall  into  the 
two  categories,  empirical/component  methods 
and  conceptual  methods.  The  statistical  methods 
include  regression  and  correlation  analysis, 
probabalistic  analysis,  and  stochastic  methods. 
Table  2  shows  examples  of  the  various  compo- 
nent, conceptual,  and  statistical  sediment  models. 
The  development  of  methods  of  analysis  of  sedi- 
ment processes  runs  parallel  to  the  methods  of 
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INPUT 
MATTER,  ENERGY, 
■  INFORMATION 


CRITERION  FOR 
ACCURACY 
)F  REPRESENTATION 


PARAMETER 

ADJUSTMENT 

Figure  2. — The  mathematical  model  concept. 


hydrological  processes.  Component  theories  ha^e 
been  developed  over  the  years  to  represent  facets 
of  the  total  catchment  problem.  This  has  been 
satisfactory  in  the  past,  where  the  problems  have 
not  required  a  comprehensive  treatment.  With 
the  growth  in  population  and  the  increased  use 
of  land  and  water  resources,  the  problem  of  inte- 
grated watershed  development  and  management 


Table  1. — The  analysis  problem1 

Input       System  Output 

Prediction    y/  /  ? 

Identification   /  ?  / 

Detection    ?  /  / 

1  After  Dooge  (8). 

has  arisen,  which  requires  more  sophisticated 
assessment  and  analysis  techniques. 

It  is  seen  from  table  2  that  considerable  work 
has  been  carried  out  on  the  empirical  and  com- 
ponent methods  of  analysis  of  the  sediment 
processes  together  with  regression  and  correla- 
tion analysis.  Some  work  has  been  done  on  con- 
ceptual simulation  models  for  one  or  other  of  the 
processes  of  erosion-transport  or  deposition,  but 
no  comprehensive  model  has  yet  been  developed 
which  simulates  the  entire  chain  of  processes. 
Unlike  the  case  of  hydrological  research,  little 
use  has  been  made  of  probability  theory  or  sto- 
chastic theory  as  applied  to  sediment  processes 
with  the  exception  of  Einstein  (10)  and  Sakhan, 
Riley,  and  Renard  (25) .  This  is  primarily  due  to 
the  lack  of  comprehensive  field  data. 


SIMULATION  TECHNIQUES 


The  development  of  simulation  techniques  in 
hydrology  is  now  well  established  with  many  dif- 
ferent models  in  existence.  The  status  of  sedi- 
ment simulation  is  as  yet  in  its  infancy.  Models 
already  developed  or  partly  developed  include  the 
Negev  model  (fig.  4),  the  ARS  upland  erosion 
model  (see  paper  by  Foster  and  Meyer  in  this 
publication) ,  the  U.S.  Army  Corps  of  Engineers 
scour  and  deposition  model  (28)  and  the  Hydro- 
comp  hydrology  and  sediment  model.  A  research 
program  funded  by  the  British  Natural  Environ- 
ment Research  Council  is  also  underway  at 
Strathclyde  University  to  study  mathematical 
model  development.  The  ARS  and  Corps  of  Engi- 
neers models  are  discussed  specifically  in  other 
papers  presented  at  this  workshop  and  hence  will 
not  be  discussed  here. 

Negev's  model  is  a  simulation  of  the  suspended- 
load  component  based  on  a  conceptual  structure 
of  the  fluvial  erosion  process.  Initially  rainfall 
impinging  on  the  land  surface  is  divided  into  two 
parts,  that  falling  on  impervious  surfaces,  and 
that  falling  on  pervious  surfaces.  The  sediment 
supply  from  impervious  surfaces  is  computed  by 
a  power-function  relationship,  taking  hourly 
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rainfall  as  the  independent  variable.  Fain  falling 
on  the  soil  is  assumed  to  loosen  material  by  rain- 
drop splash.  This  loosened  material,  called  soil 
splash,  is  then  considered  as  potential  sediment 
for  the  stream.  If  overland  flow  occurs  as  com- 
puted by  the  Stanford  watershed  model  or  the 
Hydrocomp  simulation  program,  then  all  the 
soil  splash  material  in  previous  storages  is  trans- 
ported together  with  the  current  soil  splash  ma- 
terial. 

Overland  flow  is  also  used  to  compute  the  rate 
of  rill  and  gully  erosion,  again  using  a  power- 
function  relationship.  Rill  and  gully  erosion  then 
divides  into  interload  and  bed  material  storage. 

Input  to  this  model  consists  of  hourly  and 
daily  recorded  rainfall,  daily  recorded  flow  and 
sediment  load,  hourly  overland  flow,  a  transla- 
tion histogram  for  routing  the  sediment  through 
the  stream  system,  information  on  the  sediment- 
rating  curve  for  use  in  adjusting  the  material  as- 
signed to  interload  and  bed-material  load  from 
the  rill  and  gully  process,  and  a  set  of  parameters 
and  exponents  for  use  in  the  various  power  func- 
tions by  which  the  sediment  erosion  processes 
are  estimated.  These  are  adjusted  during  test 
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runs  to  calibrate  the  model  to  match  recorded 
sediment  load.  They  consist  of  the  following: 
KGER    Rill  and  gully  erosion  parameter. 
OGER    Overload  flow  exponent  in  rill  and  gully 

function. 
KRER    Soil  splash  parameter. 
ORER    Rainfall  exponent  in  soil  splash  func- 
tion. 

KSER    Soil  splash  pickup  parameter. 

OSER    Overland  flow  parameter  in  soil  splash 

pickup  function. 
KIMP    Fraction  of  impervious  area  to  total 

watershed  area. 

Results  obtained  by  Negev  when  he  applied  his 
model  to  the  Napa  River,  St.  Helena,  Calif.,  are 
shown  in  figure  5  and  indicate  a  good  comparison 
between  simulated  and  recorded  loads.  In  1967 
both  the  Stanford  watershed  and  Negev  sedi- 
ment models  were  translated  and  tested  by  the 
author  on  the  River  Clyde  in  Scotland  (13) .  The 
simulated  flows  obtained  from  the  watershed 
model  gave  a  good  comparison  with  the  recorded 


streamflows  (15) .  The  results  from  the  sediment 
model  could  only  be  compared  with  daily  sedi- 
ment-load estimates  obtained  from  continuous 
sediment-concentration  measurements  indicated 
differences  between  the  two  methods,  as  shown 
in  figure  6.  It  is  evident  that  the  concept  of  sedi- 
ment transport  being  related  exclusively  to 
stream  discharge  yields  a  different  result  from 
the  concept  of  sediment  erosion  and  transport  be- 
ing related  to  rainfall,  overload  flow,  and  stream 
discharge.  With  the  lack  of  adequate  data  on  the 
River  Clyde  to  rigorously  test  and  compare  the 
results  of  the  sediment  model,  final  conclusions 
could  not  be  made  regarding  its  applicability  to 
that  watershed. 

The  results  of  the  Clyde  study,  however,  did 
conclude  that  the  Negev  sediment  model  is  es- 
sentially an  erosion  process  model  relying  large- 
ly on  power  functions  to  define  the  relationships 
between  processes.  It  represents  an  initial  step 
toward  the  goal  of  an  integrated  model  repre- 
senting the  complete  sediment  processes  of  ero- 
sion-transport-deposition. 
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A  COMPREHENSIVE  SEDIMENT  MODEL 


The  development  of  a  comprehensive  sediment 
model  involves  the  initial  step  of  outlining  its 
basic  structure  showing  the  key  processes  and 
their  interrelationship.  Figure  7  represents  the 
outline  of  the  author's  proposed  structure  for  a 
complete  sediment  model.  Like  any  model,  this 
structure  will  be  updated  as  more  concepts  are 
included.  Sediment  models  of  this  kind  must  be 
an  integral  part  of  a  model  representing  the  hy- 
drological  processes  as  shown  on  figure  1,  but 
structured  in  such  a  way  that  it  can  be  used  for 
different  design  purposes  without  calling  on  all 
the  parts  of  the  model.  For  example,  if  sediment 
yield  estimates  were  the  design  problem,  then 
only  the  model  routines  relevant  to  this  objective 
need  be  called  into  use  by  the  computer.  By  this 
way  computer  time  and  costs  are  reduced  in  the 
analysis  of  the  problem.  The  model  would  consist 
of  a  set  of  routines  each  with  special-purpose 
features,  but  when  used  together  give  general- 
purpose  application. 

The  top  half  of  the  flow  chart  in  figure  7  repre- 
sents the  combined  land  phase  sediment  and  hy- 
drology processes.  To  the  left  is  the  flow  chart  of 
the  land  surface  hydrology  processes  of  the  Hy- 
drocomp  simulation  program.  This  computes  the 
component  of  land  surface  runoff  into  the  stream 


channel  network.  To  the  right  are  the  land  sur- 
face fluvial,  chemical,  and  mass  erosion  proc- 
esses also  contributing  the  stream  channel  net- 
work. 

The  land  surface  processes  are  computed  for 
unit  area  of  watershed  for  a  given  set  of  param- 
eters representing  the  hydrology  processes  of 
infiltration,  interflow,  overland  flow,  soil  mois- 
ture storage,  ground  water,  etc.,  and  the  sedi- 
ment processes  of  soil  splash,  rill  and  gully  de- 
velopment, creep  processes,  etc.  Since  these 
parameters  vary  throughout  a  watershed,  it  is 
necessary  to  divide  the  watershed  into  subareas 
and  specify  a  set  of  parameter  levels  which  rep- 
resent in  a  lumped  manner  the  characteristics  of 
the  subarea.  Subareas  are  usually  referred  to  as 
segments,  and  figure  8  shows  the  division  of  a 
watershed  into  three  segments  representing 
broadly  the  mountainous,  middle,  and  lower 
reaches  of  a  hypothetical  river.  As  many  seg- 
ment divisions  may  be  made  as  accuracy  re- 
quires, and  depending  on  the  purpose  of  the  simu- 
lation, the  divisions  may  be  by  soil  type,  eleva- 
tion band,  vegetation  type,  rainfall  isohyet,  etc. 
Output  from  the  land  phase  of  the  model  supplies 
computed  information  on  the  timing  and  magni- 
tude of  the  combined  land  surface  runoff  and 
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sediment  yield  to  the  stream  channels  within  the 
designated  segment. 

The  next  step  in  the  model  is  the  calculation  of 
the  movement  of  both  water  and  sediment  along 
the  stream  channel  and  any  scour,  storage,  or 
diversions  into  or  out  of  the  system.  Several 
methods  of  streamflow  routing  have  been  em- 
ployed in  the  past,  including  unit  hydrograph 
and  Muskinghum  techniques.  Kinematic  routing 
techniques  have  been  found  to  give  a  better  rep- 
resentation of  the  river  network  response,  and 
are  included  in  this  model.  To  utilize  the  kine- 
matic routing  method  the  channel  network  of  the 
watershed  in  figure  8  has  been  divided  into  a 
series  of  reaches,  and  the  physical  characteristics 
of  channel  cross-section  dimensions,  roughness, 
depth,  flood-plain  slope  and  roughness,  and 
reach  length  and  slope  are  specified  for  all 
reaches.  As  many  reaches  can  be  used  as  accur- 
acy may  again  require,  thus  providing  a  physical 


basis  for  flow  and  sediment  routing  and  scour 
and  deposition  calculations.  Within  any  water- 
shed the  channel  cross-section  slope  and  rough- 
ness can  vary  considerably  as  it  is  shown  sche- 
matically in  figure  8.  By  representing  the  reach- 
es in  the  above  way  it  is  possible  to  account  for 
the  nonlinearity  of  channel  response  and  the  ef- 
fects of  localized  storms  within  the  watershed. 

In  figure  8  the  reach  8-9  represents  a  reser- 
voir whose  routing  and  sediment  characteristics 
are  treated  differently  from  the  channel  reach. 
Where  a  river  system  contains  one  or  more  reser- 
voirs, these  are  easily  represented  by  the  model. 
The  processes  of  water/sediment  inflow,  re- 
leases, and  spillway  discharge  can  be  made  and 
the  reservoir  can  be  subdivided  into  subreaches 
to  calculate,  in  more  detail,  the  internal  circula- 
tion and  sedimentation  rates.  The  combined  wa- 
ter/sediment outflow  from  a  reach  form  inflow 
to  the  next  downstream  reservoir  or  reach  and 


Figure  6. — Comparison  between  simulated  suspended  sedment  and  rating  curve  estimate. 


281 


there  together  with  the  local  inflows  or  outflows, 
the  routing,  scour  and  deposition  calculations  are 
repeated  until  the  last  reach  where  outflow 
passes  to  the  sea  via  an  estuary. 

To  apply  such  a  model  to  a  watershed  it  is  first 
necessary  to  calibrate  the  model  parameters  such 


that  the  model  reproduces  recorded  data  on 
streamflow,  sediment  loads,  river  stage,  channel 
scour,  and  reservoir  sedimentation.  Figure  2 
shows  the  parameter  adjustment  step.  Tech- 
niques in  model  calibration  are  presented  else- 
where (16,19) .  With  a  model  calibrated  to  repro- 
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Figure  7. — Flow  chart  of  a  conceptual  sediment  simulation  model. 
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duce  recorded  information,  it  is  possible  to  use 
it  to  estimate  the  effects  of  changes  to  existing 
catchment  characteristics,  for  example,  the  ef- 
fects of  vegetation  management  on  water  yield 
(17)  and  sediment  yield  and  reservoir  deposi- 
tion; the  effects  of  urbanization  on  peak  flows 


and  scour  rates;  and  the  effects  of  a  reservoir 
on  the  sediment  transport  processes.  A  major 
drawback  at  the  present  stage  of  sediment 
model  development  is  the  lack  of  comprehensive 
data  on  both  the  continuous  hydrology  and  sedi- 
ment processes. 


SUMMARY  AND  CONCLUSIONS 


Computer  simulation  is  one  of  several  tech- 
niques in  mathematical  modeling.  It  is  an  at- 
tempt to  represent  the  time  variant  interaction 
of  physical  processes.  The  use  of  the  method  in 
hydrological  simulation  has  had  widespread  suc- 
cess. In  sediment  simulation  only  rudimentary 
steps  have  been  taken  to  model  this  complex  sub- 
ject, considering  the  wealth  of  theory  available 
today.  Due  to  the  dependency  of  sediment  proc- 
esses on  the  hydrology  of  a  catchment,  the  trend 
in  sediment  simulation  will  be  to  extend  water- 
shed hydrology  models.  The  same  is  true  for  wa- 
ter quality  models. 

The  complex  assessment  problems  confronting 
engineers  and  planners  require  an  integrated  ap- 
proach to  the  analysis  of  the  total  catchment. 
Relatively  minor  changes  in  land  use,  flood  con- 
trol, weather  modification,  and  urbanization 
can  seriously  affect  the  hydrology  and  sediment 
response  of  a  catchment.  It  is  not  always  suffi- 
cient to  treat  only  one  facet  of  the  sediment  prob- 


lem. For  example,  sediment  discharge  formulas 
have  had  limited  success  partly  due  to  inadequate 
assumptions  on  the  sediment  supply  processes. 
Simulation  techniques  provide  a  tool  by  which 
the  effects  on  catchment  response  due  to  changes 
in  catchment  characteristics,  whether  natural  or 
manmade,  can  be  studied  with  a  view  to  better 
decisions  in  planning,  management,  and  opera- 
tion of  the  watershed. 

The  next  3  years  will  see  an  acceleration  in  the 
international  development  and  use  of  simulation 
techniques  applied  to  sediment  processes.  The 
limiting  factor  in  this  development  will  be  the 
availability  of  adequate  data  on  measured  sedi- 
ment erosion,  transport,  and  deposition  by  which 
to  compare  and  verify  the  models  under  develop- 
ment. The  continuing  need  for  a  comprehensive 
data  collection  program  remains  a  prerequisite 
for  the  successful  development  and  use  of  a  con- 
ceptual simulation  model  of  sediment  erosion- 
transport-deposition. 
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